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ABSTRACT 
Mesoporous carbon materials of carbon xerogel (CX) and silica-templated carbon 
(MC) were synthesized and explored as catalyst supports alternative to the most 
commonly used carbon black (CB) support, for polymer-electrolyte-membrane fuel cell 
(PEMFC) application. Pt catalyst was loaded on these carbons and electrodes were 
fabricated from them. These Pt-loaded carbon supports were characterized with XRD, 
TEM, ex-situ and in-situ cyclic voltammetry, etc. The fabricated electrodes were 
evaluated in single-cell testing in comparison with commercial CB-supported Pt catalyst 
fabricated electrodes. The experimental results showed that CX-supported Pt catalyst had 
close or better performance than that of CB-supported Pt, possibly due to CX’s 3-D 
porous structure, but MC had inferior performance to that of CB. MC’s high specific 
surface area, large pore size, high pore volume structure advantages did not transfer to a 
higher cell performance as expected. The reasons for MC support’s poor performance 
were discussed. 
Monofunctional fluorosulfonimide electrolyte (-C6H4SO2N(H)SO2CF3) was 
electrochemically grafted via its parent diazonium zwitterion onto planar glassy carbon 
electrode and the properties of the grafted layer on the electrode were investigated with 
electrochemical probes, XPS and chemical methods. The same monofunctional 
fluorosulfonimide electrolyte was also chemically grafted onto mesoporous CX and CB 
supports, a polymer electrolyte of sulfonated poly(arylene ether sulfone) was grafted onto 
CB support via the step-growth polymerization method. These monofunctional or 
polymeric electrolyte grafted mesoporous carbons were applied in PEMFC electrodes in 
   iv
the hope to increase three-phase zone and stability of the electrodes via covalently 
bonding of electrolyte onto electrodes. Single-cell testing results of MEAs made from 
these Pt-loaded, the sulfonimide-grafted CX or the polysulfone-electrolyte-grafted CB 
supports showed unexpectedly lower performance than that of un-graft commercial Pt-
loaded CB support. The reasons for the poor performance were explored. 
In addition, sulfonimide polymers prepared by blending two different equivalent 
weight (EW, 1600 and 1300) plain sulfonimide polymers or crosslinking a low EW 
(1000) polymer were evaluated as membrane materials for PEMFCs in comparison with 
Nafion membranes. The results showed even blending the same sulfonimide polymer 
with different EWs might improve membrane performance, and cross-linking of low EW 
sulfonimide also improved the membrane. 
From current work, it is worth to mention, PEMFC is a complicated and delicate 
system, whose performance is a combination of many different, even conflicting 
parameters of the Pt catalyst, the catalyst support, the electrolyte in the electrode, the 
membrane, the gas diffusion layer, and others. For fair comparison of cell performance in 
PEMFCs, well-designed, well-controlled experiments and methods are needed. 
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1CHAPTER 1 
INTRODUCTION 
1.1 Polymer electrode membrane fuel cells and electrodes 
Fuel cells are electrochemical devices which directly convert chemical energy in fuels 
and oxidants into electrical energy and waste products (e.g. H2O and/or CO2) without 
limitation of Carnot efficiency. They consist of two electrodes with an electrolyte 
sandwiched between them, with the fuel and oxidant fed into anode and cathode 
respectively. In the anode, fuel is oxidized electrochemically, and in the cathode oxidant 
is reduced electrochemically. In operation of fuel cells, the ions produced at anode or 
cathode transport from one electrode to the other through the ionically conducting while 
electronically insulating electrolyte; electrons generated at the anode pass through the 
external circuit (hence generating electricity) to the cathode, where they complete the 
reduction reaction. According to the electrolyte materials used in the fuel cells, they are 
mainly classified into (1) phosphoric acid fuel cell (PAFC), (2) polymer electrolyte 
membrane (or proton exchange membrane) fuel cell (PEMFC) including direct methanol 
fuel cell (DMFC) (3) alkaline fuel cell (AFC), (4) molten carbonate fuel cell (MCFC) and 
(5) solid-oxide fuel cell (SOFC). Among these fuel cells, PEMFCs possess quite a few 
advantages over others such as low-operating temperature, high power density, low 
weight, compactness, fast start-ups, suitability for discontinuous operation, potential for 
low cost and volume, and long stack life. Therefore, PEMFCs have been intensively 
investigated worldwide in academia and industry as promising and attractive power 
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sources in transportation, stationary and portable applications. However for PEMFCs to 
be commercially viable, several technical barriers need to be overcome. Most significant 
among them are the production cost, performance, and the durability. The product cost, 
performance and durability of a fuel cell are all related to the electrodes employed in the 
fuel cell. So, improving the catalyst activity, lowering the catalyst loading, optimizing of 
electrode structure and increasing the electrode stability and durability are all important 
research areas in fuel cell research and development. 
 
Figure 1.1 Schematic drawing of operation of PEMFC (direct H2) 
At the heart of a PEM fuel cell is the membrane electrode assembly (MEA). The MEA 
typically consists of a proton exchange membrane, two catalyst layers and two gas 
diffusion layers (GDL), one on each side of the membrane (as shown in Figure 1.1). In a 
broad sense, the electrode is regarded as the components that start from the surface of the 
membrane to the gas channel and current collector including catalyst layer and GDL. In a 
narrow sense, the electrode is taken as the catalyst layer on each side of the membrane 
 e- e
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(shown in Figure 1.2). The latter meaning of electrode is usually used this work unless 
otherwise specified. 
 
Figure 1.2 Schematic of 3-layer MEA (two catalyst layers plus a membrane) of PEM fuel 
cells 
The first generation electrode for PEMFC was fabricated using polytetrafluoroethylene 
(PTFE) bound, Pt-black electrocatalyst with very high Pt loading (4-10 and up to 28  
mgPt cm
-2), which exhibited excellent long-term performance, but prohibitive cost. The 
second generation PEMFC electrode was fabricated using PTFE bound, carbon-supported 
Pt catalyst. Without proton conduction media in the catalyst layer for the PTFE-bound 
electrode, the formed electrode was usually impregnated with Nafion solution by 
brushing or spraying, to increase the proton conduction. The Pt loading in the second 
generation electrode could be lowered to 0.4 mg cm-2. The third generation (also the 
state-of-the-art) PEMFC electrode was the thin-film electrode fabricated using the Nafion 
bound, carbon-supported Pt catalyst. The thin-film electrode has significant improvement 
than its predecessor and its Pt loading was decrease to as low as about 0.1 mg cm-2. The 
Pt utilization was increased from 20% to 40-50%. Excellent reviews on PEMFC 
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Pt catalyst 
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electrodes made by above-mentioned methods and alternative methods were given by 
Litster et al,1 and Wee et al.2 
Although electrode fabrication method has much advanced in recent years, to meet 
commercialization requirements, there is much work to do, such as increasing the 
electrode performance while decreasing the catalyst loading and also keeping its 
durability. The electrode in PEM fuel cell is a porous composite electrode containing 
both electronically conducting (e.g. Pt/C) and ionically conducting materials (e.g. 
Nafion® from DuPont). The optimization of the electrode is to carefully balance the 
different transport processes in the electrode such electron, proton, and reactant and 
product transports.3 
Pt (or Pt alloy) catalyst directly affect the electrode activity, stability and durability. 
The catalyst support material (usually carbon) also has important influence on the 
electrode. Higher surface area porous carbon can provide high dispersion and narrow size 
distribution of the nanocatalyst particles. The support material can interact with catalyst 
particles, which also affects the catalysts activity. The corrosion resistance of support 
material also can affect the catalyst (electrode) durability. 
1.2 Mesoporous carbons as catalyst supports 
Carbon has four crystalline allotropes: diamond (sp3 bonding), graphite (sp2) carbye 
(sp1) and fullerene (‘distorted’ sp2). Graphite and diamond can be found on earth; the 
other forms of carbon are synthetic. Currently, a wide range of carbon materials are 
available. Different forms of carbon have different properties; therefore carbon materials 
have a wide range of applications.4, 5 
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Due to its properties such as high electrical conduc5tivity, reasonable thermal and 
chemical stability, high surface area, and favorable pore structure, porous carbon 
materials are usually used as catalyst supports for PEM fuel cells and industry catalyst 
supports.6 
According to International Union of Pure and Applied Chemistry (IUPAC), porous 
materials (including porous carbon) can be classified as (1) microporous (< 2 nm), (2) 
mesoporous (2-50 nm) and (3) macroporous (>50 nm).7 Again, according to the order of 
their structure and pores, porous materials can generally be divided into (1) ordered, with 
periodical uniform pore structure and (2) disordered, with irregular pores.8 
When used as catalyst supports in fuel cells, it is difficult for microporous carbon 
materials to form good three-phase contacts because it is difficult for the reactants and 
large size proton conductor (e.g., Nafion) to access the micropores when Pt nanoparticles 
are deposited inside the micropores. While macroporous carbon materials with pore size 
larger than 50 nm usually have a lower surface area and a higher electrical resistance. It is 
also not a good candidate for catalyst support in fuel cells. Mesoporous carbon materials 
with pore size between 2 and 50 nm exhibit an attractive structure property as a catalyst 
support, i.e., a large surface area with larger size mesopores and is expected to bring 
about better three-phase contacts and therefore better electrode performance. 
Due to its easy availability and lost cost, mesoporous carbon of carbon black (e.g. 
Vulcan XC-72/72R, BP 2000, Ketjen black) is commonly used in PEMFC as catalyst 
supports. As research and development in PEMFC focuses shift to cell (system) 
durability issue, more attention is put on alternative supports other than carbon black, 
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such as carbon aerogel/xerogel, templated mesoporous carbon, carbon nanotube, carbon 
nanofiber, etc.9 In the following sections, alternative carbon supports of carbon xerogel 
and silica-templated carbon are briefly reviewed in comparison with conventional support 
of carbon black. 
1.2.1 Carbon black 
Carbon black is a particulate form of elemental carbon and can be regarded as a 
disordered mesoporous carbon (MC). Carbon blacks are mainly manufactured by either 
incomplete combustion of hydrocarbons, or the thermal decomposition of hydrocarbons. 
According to the manufacture processes, carbon blacks can be classified into furnace 
black, thermal black, lampblack, channel black, and acetylene black, etc. Among them, 
furnace black are the most commercially available product. Furnace black such as Vulcan 
XC-72/72R is most commonly used catalyst support in low temperature fuel cells (e.g. 
PEMFC, PAFC, and AFC); sometimes acetylene black is used in gas diffusion layer. 
Carbon black usually consists of primary particles that are generally spherical with 
diameters varying from ten to hundreds of nanometers. These particles are collected in 
secondary structures called aggregates, which form agglomerates. The first two structural 
levels exhibit strong covalent bonds, whereas the agglomerate is bonded of weak van der 
Waals force. The schematic description of this different level structure of carbon black is 
shown in Figure 1.3. Aggregate is the basic unit of carbon black, and agglomerates can be 
broken up, when carbon black is dispersed well in solution. The most important 
properties of carbon black include the surface area, primary particle size, structure 
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(complexity of composition), surface chemistry, and electrical conductivity. The basic 
textural properties10 of carbon black including Vulcan XC-72R, are given in Table 1.1. 
 
Figure 1.3 Schematic description of structure of carbon back (particle, aggregate and 
agglomerate) 
Table 1.1 Textural properties of carbon blacks 
Property 
Vulcan 
XC-72R 
Ketjenblack 
DJ-600 
Black Pearls 
BP-2000 
Acetylene 
Black 
SBET / m
2
 g
-1 a 252 1300 1500 64 
Smeso / m
2
 g
-1 b 177 1230 1020 64 
VT / cm
3
 g
-1 c 0.63 2.68 2.56 0.20 
Vmicro /cm
3
 g
-1 d 0.037 0.029 0.208 0.00 
daver / nm 
e 15.9 9.45 20.6 14.4 
a SBET, BET surface area; 
b Smeso, mesopore surface area; 
c VT, total pore volume; 
d Vmicro, 
micropore volume; e daver, average pore diameter 
Although carbon black is extensively used as catalyst support in PEMFCs, it is 
generally thought to have many micropores. This is not good for Nafion (electrolyte) 
penetration, and mass transport of reactants and products in the electrodes of PEMFC. 
 
Aggregate Particle Agglomerate 
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Therefore, alternative supports other than carbon black get more attention for PEMFC 
application. 
1.2.2 Carbon aerogel/xerogel 
Carbon aerogel is highly porous carbon material with random three-dimensional 
structure of interconnected nanoparticles and interconnected open pore network. Since it 
was first synthesized by Pekala in 198911-14, carbon aerogel has received much  
attention 15-17 and has been applied in many fields including fuel cells. Carbon aerogels 
are usually prepared from pyrolysis of its precursor organic gels synthesized by sol-gel 
method of polycondensation of resorcinol (R) with formaldehyde (F) at slightly basic 
solution using supercritical CO2 drying. Schematic presentation of the carbon xerogel 
synthesis processes is shown in Figure 1.4. Because supercritical drying is complex, 
costly, and high pressure in nature (possibly dangerous), other drying techniques such as 
freeze drying, vacuum drying 15and even ambient pressure drying16-18 were also 
employed. The aerogel obtained from freeze drying is called cryogel, and the aerogel 
made from ambient pressure drying is called xerogel. Among these drying methods, the 
ambient pressure drying is simple, quick and less expensive, but usually ambient pressure 
drying causes the gels to shrink and crack due to the capillary forces from the liquid-
vapor interface formed inside the pores o the gels. However, after the synthesis 
conditions were carefully chosen, organic xerogels which almost retain their original wet 
gels structure could be obtained.9-11 
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Figure 1.4 Schematic presentation of processes of carbon aerogel/xerogel synthesis 
Due to their unique porous structures, carbon aerogel, xerogel and cryogel materials 
have all been applied in PEMFC electrodes.18-28 However, most of these applications are 
characterized only with ex-situ methods and ex-situ performance of the relevant 
electrodes fabricated from these aerogels (xerogels, crygels) is not easily to completely 
transferred to full-cell performance. Even for full-cell (single cell) characterizations of 
these electrodes, comparison with electrodes made from most commonly used carbon 
black supported Pt catalyst is not always performed. So, in order to fully take advantage 
of carbon aerogel/xerogel properties, further exploration of carbon aerogels/xerogels as 
electrodes materials (e.g. catalyst supports) is worth investigating. 
1.2.3 Silica-templated mesoporous carbon 
Mesoporous carbon can be classified into two categories according to their structures 
and morphologies: (1) ordered mesoporous carbon (OMC), which is constructed of 
regular arrays of uniform mesopores and usually synthesized by nanocasting ordered 
mesoporous silica templates or by directly templating triblock copolymer structure-
directing species and (2) disordered mesoporous carbon (DOMC) with irregular pore 
structures. In regard to pore structure, OMC is generally regarded as preferred catalyst 
1050
o
C Drying Na2CO3, 
heat 
RF Monomers Wet RF sol/gel 
OH
OH H H 
O 
2 + 
Dry RF gel 
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support in terms of specific surface area, electrical conductivity, and mass transport and 
has been extensively studied as catalyst supports for PEM fuel cells. But Rolison29 has 
argued the need of periodicity of support for catalyst. OMCs are generally prepared using 
ordered mesoporous silicas as hard templates; the long, complex, expensive synthesis of 
ordered mesoporous silicas makes their widespread applications limited. Also, the control 
of pore diameter in the synthesis of OMC is not easy because the control of the pore 
diameter in the carbon results from controlling the pore-wall thickness of the template. 
This is not easy to execute in synthesis. 
Silica particles
Resorcinol +
formaldehyde
Gelation/curing
Silica particles RF gel
Carbonization
NaOH etching of
silica template
Mesoporous carbon
 
Figure 1.5 Schematic presentation for the synthesis of mesoporous carbons: (1) 
gelation/curing of resorcinol and formaldehyde (RF) in the presence of silica 
nanoparticles; (2) carbonization of RF gel-silica composite at 850 °C to get a carbon-
silica composite; (3) NaOH etching of silica template to obtain mesoporous carbon 
However, the synthesis of DOMC is usually simple, easy and the resulting carbon with 
high surface area, high pore volume, large pore size and pore size distribution can be 
obtained. An example of the synthesis of silica-templated (disordered template) 
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mesoporous with RF sol-gel method is given in Figure 1.5. The general synthesis process 
for OMC with template method is similar to that of DOMC, but ordered templates are 
used in OMC synthesis. Disordered silica-templated carbons were synthesized and 
explored as catalyst support for PEMFC and DMFC by Joo and co-workers. But its 
comparison with the most commonly used support of carbon black Vulcan XC-72R has 
not been done 30-32. It’s worthwhile to do more study on these DOMCs compared with 
XC-72R and investigate how the support affects mass transfer in the electrodes in these 
carbons perhaps compared with OMC as support. 
1.3 Grafting electrolyte onto mesoporous carbons 
The most popular thin-film PEMC electrode fabrication method, mentioned in Section 
1.1 was realized from an ink formed by simply mixing of carbon-supported Pt catalyst 
with solubilized Nafion solution. The three-phase zone in the electrodes made this way 
may not be maximized and may not be stable during the operation of fuel cells. One way 
to increase the three-phase zone in the electrode and improve the electrode stability is to 
bind the electrolyte onto the carbon support (or catalyst-loaded carbon support) by 
covalent bonding. Figure 1.5 schematically represents the three-phase zone improvement 
in electrode for the proposed electrolyte covalent bonding strategy relative to the usual 
simple mixing method. 
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Figure 6 Schematics of the three-phase zone in MEA made conventionally, contrasted 
with that made by the proposed modified material (a) the catalyst particles not intimately 
contacted with polymer electrolyte are not utilized in fuel cell (conventionally made 
electrode) (b) chemically bonded polymer electrolyte onto the carbon surface (c) the 
catalyst particles both intimately contacted with carbon and polymer electrolyte grafted 
on the carbon surface are expected to be fully utilized in fuel cell (cell made of proposed 
modified material) 
1.3.1 Electrochemical grafting of monofunctional sulfonimide electrolyte onto 
glassy carbon substrate via diazonium salt 
Electrochemical grafting of functional groups (either electrolyte or non-electrolyte) 
onto the planar glassy carbon and other substrates via pre-formed or in-situ generated 
diazonium salts is well documented in the literature.33-37 The electrochemical grafting 
strategy has advantages of better control of the grafting, and the grafted layers can be 
probed by electrochemical methods and other surface analytical methods (such XPS, 
SEM, TEM, and EDX) for basic study. So, for basic study purpose, a superacid of aryl 
perfluorosulfonimide is grafted onto glassy carbon electrode by an electrochemical 
method, and the properties of the graft on the electrode are investigated. 
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1.3.2 Chemical grafting of monofunctional and polymeric electrolyte onto 
mesoporous carbon  
While electrochemical grafting of electrolyte onto glassy carbon electrode is easy and 
good for basic study of the grafted layer or the grafted electrode, electrochemical grafting 
is usually not practical for porous powdery carbon support used in PEMFCs. For grafting 
electrolyte (functional groups) onto porous powdery carbon supports, chemical grafting is 
preferred. Relatively few publications38-43 are seen in literature grafting of electrolytes 
onto Pt-loaded carbon blacks via different chemistry for fuel cell applications. 
Diminished electrolyte (such as less Nafion) in the electrode is needed or moderate 
performance improvement was obtained using such electrolyte-grafted materials in fuel 
cell tests. A further study of grafting electrolyte onto carbon support itself via covalent 
bonding is logical and interesting. Aryl fluorosulfonimide is a superacid with desired 
properties as electrolyte developed in Clemson. Different aryl fluorosulfonimide 
zwitterions have been synthesized. Chemical grafting of functional groups onto carbon 
materials has recently attracted much attention36, 44-47 and a possible reaction mechanism 
was discussed. Transfer of this grafting method via diazonium salts to porous powdery 
carbon substrates is a reasonable strategy to study the effects of grafting on the fuel cell 
performance. So grafting onto mesoporous carbons (such as carbon xerogel and carbon 
black) of aryl perfluorosulonimide superacid (electrolyte) was pursued in this work. 
The optimal amount Nafion (around 30 wt% in the electrode) needed in the thin-film 
made electrode is reported in many papers. While monofunctional electrolyte grafting 
helps increase of the three-phase zone in the electrode, the electrolyte grafted onto the 
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carbon support is usually less than the optimal amount of electrolyte for optimal electrode 
performance. To overcome this, a polymeric electrolyte grafted onto carbon (electrode) 
might work. Polymer grafting on carbon substrates has been reported,48 but polymer 
electrolyte grafting onto carbon support for PEMFC application is little reported. One 
paper49 shows marginal performance increase after grafting methylsulfonic acid polymer 
electrolyte on the Pt loaded carbon black. Much work is needed for grafting polymer 
electrolytes on electrodes for fuel cell applications. 
Sulfonated poly(arylene ether sulfones) posses many properties such as good thermal 
stability, high mechanical strength, high proton conductivity. They have been intensively 
investigated by many groups as alternative membrane materials48-54 for PEMFCs 
especially in Virginia Tech. So, development of grafting sulfonated poly(arylene ether 
sulfone) onto mesoporous carbons is investigated in this work via the in-situ step-growth 
polymerization method and its application in fuel cells is also evaluated. 
Lastly, because the PEMFC cell performance is in large extent affected by the Pt 
catalyst in the electrode and the way the electrode is fabricated, fair comparison of fuel 
cell applications of different carbon supports, and electrolyte (monofunctional or 
polymeric) grafted carbon supports is complicated by the Pt catalyst deposition and the 
electrode fabrication methods. Therefore, except for the need of optimization Pt catalyst 
deposition and electrode manufacture methods, development of characterization methods 
(e.g. impedance spectroscopy) to differentiate these effects is needed before any final 
conclusions can be made. It is clear while simple in principle, PEM fuel cells as power 
plants are complicated and delicate systems, and their performance is a balance of 
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different parameters (perhaps conflicting each other) of the Pt catalyst, the catalyst 
support, the electrolyte in the electrode, the membrane, the gas diffusion layer, and 
others. 
1.4 The scope of this work 
This document focuses on (1) the synthesis of mesoporous carbon materials such as 
carbon xerogel, silica-templated carbon, (2) application of these mesoporous carbons as 
alternative catalyst supports instead of carbon black in PEMFCs, (3) grafting 
monofunctional or polymeric electrolyte onto these mesoporous carbons and their 
application as PEMFC electrodes. The work also involves in evaluation of blended and 
cross-linked sulfonimide polymers as membrane materials in PEMFCs. 
Specifically, Chapter 2 is about deposition of Pt catalyst onto the most commonly used 
carbon support, carbon black Vulcan XC-7R and its application as electrodes in PEMFC. 
Through this application, the catalyst deposition method, electrode (MEA) fabrication 
method, and fuel cell testing protocols are verified. 
Chapters 3 and 4 present respectively the employment of carbon xerogel and silica-
templated mesoporous carbon as catalyst supports in PEMFC applications. Their 
performance as catalyst supports is compared with the commercially obtained support, 
Vulcan XC-72R. 
Chapter 5 presents the electrochemical grafting of aryl fluorosulfonimide electrolyte 
onto a glassy carbon (GC) electrode. The properties of the grafted layer on the GC 
electrode are characterized with electrochemical probes, XPS and the stability of the 
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grafted electrolyte on GC in high temperature, humid, or superacid environment is also 
investigated. 
Chapter 6 and 7 describe respectively the grafting of monofunctional sulfonimide 
superacid and polymeric sulfonated poly(arylene ether sulfone) electrolyte onto carbon 
xerogel and carbon black supports and their application as electrodes in PEMFCs in 
comparison with un-grafted carbon supports. 
Chapter 8 reports the evaluation of blended and cross-linked sulfonimide polymers as 
membrane materials in PEMFCs. 
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2CHAPTER 2 
SYNTHESIS OF CARBON-BLACK-SUPPORTED PT CATALYST FOR 
POLYMER ELECTROLYTE MEMBRANE FUEL CELL APPLICATION 
2.1 Introduction 
In the past decades, polymer electrolyte membrane fuel cells (PEMFCs) were 
extensively studied around the World as potential power sources for mobile, stationary 
and portable applications. They are in the edge of commercialization, but there are 
barriers yet to be overcome. High cost among them is the most significant factor affecting 
the commercialization. Catalyst is about half of the cost of the stack system in the 
PEMFCs. For now, Pt is still the most efficient catalyst in PEMFCs. Pt is expensive and 
limited in resources. In order to reduce the cost, a lower Pt loading but more active 
catalyst is needed in electrodes. Usually, Pt catalyst is dispersed as small-size 
nanoparticles onto a high-surface-area conductive support (the most commonly used 
support in PEMFC is carbon black Vulcan XC-72/72R) to increase the active surface area 
and stability of the catalyst, and therefore the activity and durability of the electrode. This 
in turn can reduce the cost for the PEMFC system. There are mainly four basic methods 
to deposit Pt (or Pt alloy) catalysts onto supports: impregnation method, colloidal 
method, micro-emulsion method, and electro-deposition method.1 Impregnation is the 
simplest method among them. 
This chapter discusses the placement of the Pt catalyst on commercially obtained 
carbon support, carbon black Vulcan XC-72R by the common impregnation-reduction 
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method. The prepared XC-72R-supported Pt catalyst was characterized in comparison 
with commercial carbon black Vulcan XC-72R supported Pt catalyst by powder X-ray 
diffractometry (XRD), transmission electron microscopy (TEM), ex-situ and in-situ 
cyclic voltammetry (CV) of H-adsorption/desorption method, and ex-situ CO stripping 
method. Both the prepared and commercial carbon black support Pt catalysts were 
fabricated in membrane electrode assemblies (MEAs) by the thin-film decal method, and 
the performance of these MEAs was tested on a single cell test station and compared. 
2.2 Experimental 
2.2.1 Catalyst deposition onto carbon black XC-72R 
Carbon black, Vulcan XC-72R (Cabot, fluffy form, XC-72R) was used as catalyst 
support for Pt deposition. In a typical synthesis, 0.1 g XC-72R was suspended in 50 mL 
deionized (DI) water, and sonicated for 15 min. Then, a diluted H2PtCl6 (Acros Organics, 
40% Pt) solution was added into the carbon black powder suspension and sonicated for 
another 30 min. The mass of platinum salt added to the XC-72R sample corresponded to 
20 wt% of platinum metal in the final material. After sonication, the pH of the mixture 
was adjusted to 11 using a 4 mol L-1 NaOH solution and an excess amount (10x) of 
formaldehyde was diluted in DI water (2 mL) and added drop by drop into the carbon 
black suspension under stirring. The mixture was kept stirring for another 15 min at room 
temperature, then the reaction temperature was raised to 90 ºC and kept at 90 ºC for 2 h 
under stirring. Then the reaction was cooled down to room temperature and diluted HCl 
(2 mol L-1) was added to promote precipitation of Pt catalyst onto carbon powders. The Pt 
deposited XC-72R (Pt/XC-72Rs) was then filtered, thoroughly washed with DI water, and 
  23
dried at 100 °C under vacuum. The final Pt content in Pt/XC-72Rs was measured by 
thermogravimetric analysis (TGA) under O2 atmosphere. 
2.2.2 Characterization of materials 
2.2.2.1 N2 adsorption/desorption method 
The specific surface area and pore texture of the carbon black Vulcan XC-72R were 
characterized by the analysis of nitrogen adsorption–desorption isotherms, performed at 
77 K with a Micromeritics ASAP 2010 apparatus. The sample was degassed at 200 ºC for 
one day before measurement. The specific surface area (SBET) of XC-72R sample was 
obtained using the Brunauer-Emmett-Teller (BET) model2, micropore properties 
(microporous volume Vmicro, microporous surface area Smicro) were obtained using the t-
plot method3, 4 and the Barrett-Joyner-Halenda (BJH) model5 was used to evaluate the 
mesopore properties (mesoporous volume Vmeso, mesoporous surface area Smeso pore size 
and distribution (PSD). The total pore volume (Vtotal) was recorded at P/P0 of near 
saturation. 
2.2.2.2 Powder X-ray diffractometry 
X-ray powder diffractograms of Pt/XC-72Rs and commercially obtained Pt/XC-72R 
(20% Pt, Alfa Aesar, Pt/XC-72Rc) samples were obtained using a Scintag XDS2000 
powder x-ray diffractometer using Cu Kα radiation of wavelength 0.1540 nm. The tube 
current was 100 mA, and tube voltage was 40 kV. The 2θ angular range between 5 and 
90 degrees was scanned at 0.5 s per step in 0.02 º steps. 
  24
2.2.2.3 Electron microscopy 
Scanning electron microscopy (SEM) measurements on Pt/XC-72Rs and Pt/XC-72Rc 
samples were performed using a Hitachi S-4800 microscope equipped with an Oxford 
INCA EDS detector. The powder sample was mounted on a double-sided carbon sticky 
tape. TEM measurements were performed on Pt/XC-72Rs and Pt/XC-72Rc samples using 
a Hitachi H7600T transmission electron microscope which was operated at an 
accelerating voltage of 200 kV. The samples were prepared by dispersing a small amount 
of the catalyst powder in ethanol with ultrasonic treatment. Several drops of the 
dispersion were taken using a pipette and put on a holey carbon copper grid, followed by 
drying in air at room temperature overnight. 
2.2.2.4 Thermogravimetry analysis  
The Pt contents of Pt/XC-72Rs and Pt/XC-72Rc samples were determined from the 
residual mass following TGA under O2 atmosphere at 850 °C with a heating rate of 15 ºC 
min-1 using a Mettler Toledo TGA/SDA 851e analyzer. Residual mass for Pt-containing 
samples is assumed to be Pt metal. TGA runs on Pt-free XC-72R samples showed very 
low residual masses. 
2.2.2.5 Ex-situ cyclic voltammetry and CO stripping voltammetry 
Ex-situ cyclic voltammetry (ex-situ CV) was employed to characterize the 
electrochemically active surface area (ESA) of Pt catalysts on carbon-supported samples. 
CV measurements were made using a CH Instruments model 660A electrochemical 
workstation with picoamp booster and Faraday cage with a standard three-electrode cell. 
The home-made Hg/Hg2SO4 (0.1 mol L
-1 H2SO4) electrode and a Pt wire served as 
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reference and counter electrodes respectively. The working electrode (WE) was a glassy 
carbon (GC) plate electrode made by attaching a graphite rod with graphite adhesive to 
the back of a square GC plate (5 mm each side, geometric surface area 0.025 cm2). All 
GC electrodes were cleaned prior to use and cleanliness was checked by CV in 0.5 mol L-
1 H2SO4 solution. A thin layer electrode was formed on the GC surface by evaporation of 
10 µL of an ink suspension consisting of well-mixed supported catalyst and solubilized 
Nafion solution in isopropanol (0.5 mL isopropanol, 10 mg Pt/C catalyst, and 50 mg 5% 
Nafion (EW 1100, Solution technology) mixed together and stirred overnight). The mass 
of the catalyst layer deposited onto GC was determined by weighing a drop of 10 µL of 
the same suspension placed on a Teflon template and processed the same as the GC plate 
electrode assuming the two pipeted volumes are the same. Ex-situ CV measurements 
were performed by partial immersion of the GC electrode in 0.5 mol L-1 H2SO4 solutions. 
Before recording the CVs used to determine ESA, the potential was repeatedly cycled 
until a stable voltammogram was obtained. The ESA was then calculated from the charge 
density for hydrogen desorption with subtraction of the double layer charging density as 
reported in literature.6 
For CO stripping voltammetry, charge densities associated with stripping of adsorbed 
CO provide an alternative to H2 adsorption/desorption for determining ESA. The same 
standard three-electrode cell setup as described above was used for CO stripping 
measurements. The cell was thoroughly degassed with nitrogen (UHP) prior to analysis, 
then pure CO gas was bubbled through the cell for 5 min with the WE held at -0.25 V 
(vs. Hg/Hg2SO4). After that, the cell was bubbled by nitrogen to remove residue CO in 
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solution while holding the WE at -0.25 V for 15 min. CO stripping cyclic 
voltammograms were obtained with a potential scan from -0.25 to -0.70 V then back to 
0.45 V at a scan rate of 20 mV s-1. 
2.2.2.6 MEA fabrication 
MEAs were prepared using the decal transfer method developed by Wilson and co-
workers7, 8 at Los Alamos National Laboratory. Detail of the method is given in published 
papers7-9. In brief, an ink was prepared by mixing of carbon supported catalyst (21% 
Pt/XC-72Rs, or 20% Pt/XC-72Rc), solubilized Nafion solution (5%, EW 1100), 
isopropanol, glycerol and tetrabutyl ammonium hydroxide solution (1 mol L-1 in 
methanol) in a small vial with cap, under stirring. The dry mass ratio of carbon plus 
catalyst to Nafion was 5:2. After mixing the ink was applied by painting in thin layers 
onto Teflon-coated fiberglass templates and then heating the ink-painted templates in an 
oven at 140 ºC for 30 min to remove solvent. The painting-heating sequence was repeated 
until a Pt catalyst loading in the range of 0.25 mg cm-2 was reached. An MEA was made 
by hot-pressing a Nafion 117 membrane with two ink-coated templates on each side at 
200-210 ºC and 600 lbs force for 5 min. All membranes were pretreated before use by 
boiling in 0.5 mol L-1 NaOH for 1h to convert into Na+ form, followed by boiling in DI 
water for 1 h and washing with DI water several times. Following hot pressing, the MEA 
was boiled in 0.5 mol L-1 sulfuric acid for 1 h to convert all ionomer back to the proton 
form, then boiled in DI water for 1 h and washed with DI water for several times. The 
MEAs were stored in DI water before use. 
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2.2.2.7 Single fuel-cell testing 
The single-cell testing of MEAs was performed on a model 850C test station from 
Scribner Associates Company. Before assembling in the test fixture, the MEA was pulled 
dry and flat on a vacuum table at 60 °C for 20 min, and then the MEA was mounted on 
the test fixture by sandwiching the MEA between the two pieces of uncatalyzed gas 
diffusion backing (ELAT/NC, E-TEK). Humidified fuel (H2) and oxidant (O2 or air) 
gases were supplied to the test fixture by the test station. The cell was operated under 
ambient pressure on both the anode and cathode. Cells were broken in at a cell voltage of 
0.5 V overnight, after which a series of polarization curves was acquired in controlled 
voltage mode under different operating conditions. The cell open circuit voltage was 
close to or above 1.0 V for all MEAs. The cell resistance was monitored during 
acquisition of the polarization curves using the current interrupt method (CI) and by high 
frequency impedance spectroscopy (HFR) at 1 kHz frequency.10 
2.2.2.8 In-situ cyclic voltammetry 
The in-situ CV measurement was used to obtain ESA values for the supported Pt 
catalysts in the MEAs in the fuel-cell test fixture11. For such a measurement the fuel-cell 
station operates in a two-electrode configuration in which the anode severed as both 
pseudo-reference and counter electrodes, and the cathode served as the working 
electrode. The anode was fed with high purity H2 gas (humidified) and the cathode was 
fed with high purity N2 gas (humidified). The gas flow of both N2 and H2 was kept at 50 
mL min-1 during the measurements. The Solartron 1280B was used as a potentiostat. The 
potential was cycled between 0 to 0.8 V with a scan rate of 40 mV s-1. 
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2.3 Results and discussion 
The surface area, pore size, pore size distribution (PSD) and other textural properties of 
the carbon black Vulcan XC-72R sample (which was used as catalyst support in both our 
synthesis and commercial Pt/XC-72R catalyst) were characterized by their N2 
physisorption method. The N2 adsorption and desorption isotherm is shown in Figure 2.1 
The XC-72R sample shows a type IV, H2 isotherm according to IUPAC classification12 
indicating that mesopores exist in the sample. The nominal BET surface area of XC-72R 
sample is 250 m2 g-1, and our measured value is 237 m2 g-1. They are in consistency. The 
PSD deduced from the BJH method for XC-72R samples is shown on the inset in Figure 
2.1  
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Figure 2.1 N2 adsorption/desorption isotherm of carbon black Vulcan XC-72R and pore 
size distribution by BJH method (inset) 
The XC-72R sample has a very broad pore size distribution, which was reported in 
literature and reflects its aggregate and agglomerate structure. Other textural properties of 
XC-72R are listed on Table 2.1. From Table 2.1, it is seen that the total pore volume of 
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XC-72R is not high, but the mesoporosity is about 90%; the micropore volume is low but 
its microporous surface area is not low, which may indicate many small size micropores 
in the XC-72R sample. 
Table 2.1 Textural properties of carbon black Vulcan XC-72R 
Carbon SBET Smicro Smicro/ Vtotal Vmicro Vmeso Vmeso/ dBET dBJHads dBJHdes 
 m2g-1 m2g-1 SBET cm
3g-1 cm3g-1 cm3g-1 Vtotal nm nm nm 
XC-72R 237 83 0.35 0.62 0.04 0.55 0.89 10.4 17.6 22.7 
SBET: BET surface area, Smicro:micropore surface area by t-plot, Vtotal:total pore volume at 
near saturation pressure, Vmeso:cumulative volume of pores between 1.7 and 300 nm by 
BJH adsorption branch, dBET, dBJHads, dBJHdes:average pore width by 4V/A 
The Pt content in the prepared Pt/XC-72Rs was obtained by TGA method was 21%, Pt 
in content in commercial Pt/XC-72R (Pt/XC-72Rc) was 20% (nominal 20% Pt). Both the 
prepared and commercial Pt/XC-72R catalysts were subjected to further analyses as 
discussed below. Powder XRD analysis of the Pt/XC-72Rs samples was employed to 
confirm Pt deposition and allow for estimation of Pt particle sizes. The XRD graphs of a 
representative Pt/XC-72Rs sample and a commercial Pt/XC-72Rc sample are shown in 
Figure 2.2. The diffractogram shows features expected for Pt as labeled on the graph; the 
feature near 25 degrees 2-theta is from the carbon black graphitic nature. The Pt 
diffraction lines are slightly narrower for the Pt/XC-72Rs sample relative to and 
commercial Pt/XC-72Rc sample, which suggests that slightly larger Pt particles for 
Pt/XC-72Rs sample by XRD. 
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Figure 2.2 XRD diffractograms of prepared Pt/XC-72Rs and commercial Pt/XC-72Rc 
Nanoparticle sizes may be estimated from powder XRD data using the Scherer 
equation. The Pt (220)13 line is used for the calculation. According to the Scherer 
equation (Equation 2.1)14, , the Pt particle size may be estimated. 
 0.9(nm)
cos( )
d
B
λ
θ
=  (2.1) 
In this equation d is the Pt crystal size (diameter), λ is the X-ray wavelength (0.1540 
nm), B is the full width at half height for the diffraction peak in radians and θ is half of 
the diffraction angle. Particle size values obtained in this way for Pt/XC-72Rs and Pt/XC-
72Rc are given in Table 2.2. As expected, Pt particle diameters are larger for the Pt/XC-
72Rs sample (3.8 nm) and the Pt/XC-72Rc (2.2 nm). 
From the particle size obtained as described above, the Pt specific surface area may be 
calculated using Equation 2.2: 
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2 -1 6000(m g )S
dρ
=  (2.2) 
In this equation d is the Pt particle diameter (nm), and ρ is the Pt density (21.4 g cm-3). 
Pt specific surface areas calculated in this way are listed in Table 2.2 for Pt/CX and 
Pt/XC-72R samples. These values will be compared with Pt specific surface area values 
obtained from TEM estimates of Pt particle size, and also with ESA values obtained by 
ex-situ and in-situ CV measurements. 
Table 2.2 Pt nanoparticle size and specific surface area by different methods (XRD, 
TEM, ex-situ CV (H), ex-situ CV (CO) and in-situ CV (H) 
Sample dXRD SXRD dTEM STEM SH SCO Sin-situ 
 nm m2 g-1 nm m2 g-1 m2 g-1 m2 g-1 m2 g-1 
Pt/XC-72Rs 3.8 74 2.7 104 60 52 35 
Pt/XC-72Rc 2.2 127 2.8 100 67 66 65 
dXRD: particle size by XRD, dTEM: particle size by TEM, SXRD,STEM: the specific surface 
area calculated from the equation (2.2) from XRD and TEM respectively, SH: specific 
surface area from ex-situ CV (H desorption charge), SCO: surface area from CO stripping 
CV, Sin-situ: surface area from in-situ CV (in MEA) 
TEM was also used to characterize catalyst supports, and provide an alternate estimate 
of Pt particle size and particle size distribution. The TEM micrographs and the histogram 
graphs of Pt particle size for the Pt/XC-72Rs and Pt/XC-72Rc samples are shown in 
Figures 2.3 and 2.4 respectively. The typical structure for carbon black of aggregates of 
small carbon primary particles is shown in the micrographs (Figure 2.3). For both 
samples Pt particles appear to be well distributed all throughout the carbon black support, 
but for Pt/XC-72Rs, it shows some Pt aggregates on the carbon support surface. The 
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mean Pt diameter for Pt/XC-72Rs and Pt/XC-72Rc samples is estimated to be 2.7 ± 0.9 
nm and 2.8 ± 0.7 nm respectively by counting more than 200 particles from each TEM 
image using ImageJ software15. Error estimates are standard deviations from which a 
slightly broader Pt size distribution for Pt/XC-72Rs is seen. The mean Pt particle diameter 
of Pt/XC-72Rs is slightly smaller by TEM than XRD, in which the Pt agglomeration may 
be reflected showing larger Pt particle size. The specific surface area (SA) of Pt could be 
calculated according to Equation (2.2) from the Pt particle size measured by TEM or 
XRD on the Pt/XC-72Rs and Pt/XC-72Rc samples, and the values are listed on Table 2.2 
in comparison with the ESA measured by ex-situ and in situ CVs. Pt specific SA of 
Pt/XC-72Rs is comparable to that of Pt/XC-72R due to comparable Pt particle size on 
Pt/XC-72R(by TEM). Usually the Pt catalyst specific surface area from TEM and XRD 
are larger than that measured by ex-situ or in-situ CV because TEM or XRD 
measurement includes electrochemically-inaccessible Pt particle. Also the ESA measured 
ex-situ (in a half cell) is commonly higher than that measured in-situ (in a full cell) due to 
better ion conduction by help from free acid (H2SO4) in the half-cell measurement. These 
will be evident in the following discussion. 
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Figure 2.3 TEM graphs of prepared Pt/XC72Rs (left) and commercial Pt/XC72Rc (right) 
catalysts 
  
Figure 2.4 Pt particle size histogram of prepared Pt/XC-72Rs (d mean=2.7 ± 0.9 nm) and 
commercial Pt/XC72Rc, (d mean=2.8 ± 0.7 nm (SD)) 
Ex-situ CV is commonly used to estimate electrochemically active Pt surface area 
(ESA) for comparison with areas calculated from Pt particle sizes. Estimates may be 
obtained from H adsorption/desorption or CO stripping. For the case of H 
adsorption/desorption, the ESA (SESA m
2 g-1 Pt) may be calculated from Equation 2.3:16 
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 2 1(m g Pt) 100ESA
Pt
q
S
L
− =
Γ
 (2.3) 
In this equation q is the hydrogen adsorption or desorption charge density determined 
by CV (mC cm-2), Γ (210 µC cm-2) is the well-established quantity for the charge to 
reduce a monolayer of protons on Pt, LPt is the Pt loading in the electrode (mg cm
-2). 
Figure 2.5 (top) presents CVs for Pt/XC-72Rs and Pt/XC-72Rc samples for the H 
adsorption or desorption region. The CV shapes are as expected for Pt on carbon. ESA 
values estimated are given in Table 2.2. The SA for Pt/XC-72Rs by ex-situ CV is slightly 
lower but close to that of Pt/XC-72Rc by the same method. This finding indicates the 
similar Pt accessibility in free acid in both synthesized and commercial Pt/XC-72R. 
Figure 2.5 (bottom) shows CVs for CO stripping for Pt/XC-72Rs and Pt/XC-72Rc 
samples. ESA values were again obtained using Equation 2.3 but with a Γ value of (420 
µC cm-2)16 which is appropriate for CO stripping. ESA values from CO stripping are in 
good agreement with those from hydrogen adsorption or desorption, which serves to 
validate both methods. 
In-situ CV may be used to estimate Pt ESA in intact electrodes in MEAs. Comparison 
of ESAs for such samples with those obtained by ex-situ CV provides information on 
catalyst utilization in the MEA. Generally, the cathode is of most interest because of the 
sluggish reaction kinetics of the oxygen reduction. The in-situ CVs of both Pt/XC-72Rs 
and Pt/XC-72Rc are shown in Figure 2.6. Surprisingly, the ESA values measured in-situ 
for Pt/XC-72Rs are lower than those measured ex-situ by H-adsorption/desorption or CO 
stripping, while for Pt/XC-72Rc samples the in-situ SA is very close to those measured 
ex-situ using both H adsorption/desorption and CO stripping. This may indicate possible 
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high catalyst utilization in MEAs fabricated by Pt/XC-72Rc samples, but the cell 
performance test gave different results as seen in the following discussion. 
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Figure 2.5 Ex-situ H-adsorption/desorption CVs and CO stripping CVs of prepared 
Pt/XC-72Rs and commercial Pt/XC-72Rc WE: thin-film-catalyst coated GC, RE: 
Hg/Hg2SO4, CE: Pt wire; scan rate: 20 mV s
-1 
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Figure 2.6 In-situ CVs from prepared Pt/XC-72Rs (●) and commercial Pt/XC-72Rc (○), 
Anode: H2, 50 mL min
-1, Cathode: N2, 50 mL min
-1, cell temperature 30 ºC, potential 
range 0-0.8 V, scan rate 40 mV s-1 
The MEAs fabricated with both catalyst Pt/XC-72Rs and Pt/XC-72Rc were tested in 
H2/O2 and H2/air cells at 50 ºC and 80 ºC respectively and under atmospheric pressure 
conditions. The polarization and resistance curves are shown in Figures 2.7, and 2.8, 2.9 
respectively. The performance of Pt/XC-72Rs is slightly higher than that of Pt/XC-72Rc 
in H2/O2 cells at 50 and 80 ºC. The performance of Pt/XC-72Rs is slightly lower than that 
of Pt/XC-72Rc in H2/air cells, at 50 and 80 ºC. The same trend of much lower 
performance in H2/air cells than H2/O2 cells was observed in both prepared and 
commercial Pt/XC-72R catalysts both at 50 and 80 ºC. 
From Figures 2.8 and 2.9, the areal resistance for Pt/XC-72Rs is lower than that of 
Pt/XC-72Rc by both the CI and HFR methods. Because the two MEAs were tested using 
similar Nafion 117 membranes, the resistance difference should be caused by the active 
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catalyst layer and not the membrane. This finding may therefore indicate the catalyst 
prepared by different methods has different effects on the cell performance. 
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Figure 2.7 Polarization curves of prepared Pt/XC72Rs at 80 ºC (O2 ●, air ○) and at 50 ºC 
(O2 ▲, air ∆) and commercial Pt/XC72Rc at 80 ºC (O2 ■, air □) and 50 ºC (O2 ▼, air, ∇ ), 
measurement conditions: H2/O2 or air, cell temperature 80 or 50 ºC, stoichiometric ratio, 
H2 1.25, O2 1.5, or air 4.0, all measurements at atmospheric pressure, and Pt around 0.25 
mg cm-2 in both anode and cathode, respectively 
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Figure 2.8 CI-Resistance of prepared Pt/XC72Rs (O2 ●, air ○) at 80 °C and commercial 
Pt/XC72R c (O2 ■, air □) at 80 °C and HF-Resistance of prepared Pt/XC72Rs (O2 ●, air ○) 
at 80 °C and commercial Pt/XC72Rc (O2,■ air□) at 80 °C, measurement conditions same 
as that in Figure 2.7, for HFR, frequency at 1 kHz 
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Figure 2.9 CI-Resistance of prepared Pt/XC72Rs (O2 ▲, air ∆) and commercial 
Pt/XC72R (O2 ▼, air, ∇), and HF-Resistance of prepared Pt/XC72Rs (O2 ▲, air ∆) and 
commercial Pt/XC72Rc (O2 ▼, air ∇), at 50 °C, measurement conditions same as that in 
Figure 2.7, for HFR, frequency at 1 kHz 
2.4 Conclusions 
Pt catalyst was successfully deposited onto carbon black support Vulcan XC-72R by 
the common impregnation-reduction method. The prepared Pt catalyst (Pt/XC-72Rs) was 
characterized with XRD, SEM, TEM, ex-situ and in-situ cyclic voltammetry in 
comparison with commercial obtained Pt catalyst Pt/XC-Rc A similar Pt particle size was 
observed in Pt/XC-72Rs to that in Pt/XC-72Rc (by TEM); the ESAs obtained by ex-situ 
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cyclic voltammetry for both samples are very close, but unexpectedly, the ESA measured 
by in-situ CV for Pt/XC-72Rs is lower than that in Pt/XC-72Rc. The performance of the 
catalyst Pt/XC-72Rs and Pt/XC-72Rc was also tested in a MEA format in a single cell test 
station and the results show very close or a slightly better performance for Pt/XC-72Rs 
than that for commercial Pt/XC-72R catalyst. 
From the above-mentioned results, it is inferred that the catalyst deposition method, 
MEA fabrication and fuel cell testing methods employed in the experiments are all 
reliable. These methods will apply in following experiments in the following chapters. 
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3CHAPTER 3 
CARBON XEROGELS AS PT CATALYST SUPPORTS FOR PEM FUEL CELL 
APPLICATIONS 
3.1 Introduction 
One of the ‘quantum jumps’ in polymer electrolyte membrane fuel cell (PEMFC) 
science and technology development is the jump of a 10- to 100-fold catalyst (Pt or Pt 
alloy) loading reduction in electrodes by using high-surface-area-carbon-supported 
catalyst instead of unsupported catalyst in the active catalyst layers in the electrodes in 
PEMFCs. The use of carbon-supported catalysts not only decreases significantly the 
production cost but also increases the catalyst (Pt or Pt alloy) utilization and thus the cell 
performance in fuel cells.1 The requirements for a catalyst support for PEMFCs include 
the following: (1) high surface area; (2) suitable porosity with mainly mesopores (2-50 
nm); (3) high electrical conductivity; and (4) good chemical, thermal and electrochemical 
stability under the harsh fuel cell conditions (under H2, O2, heat, humid, acid or alkaline 
conditions).2, 3 Conventionally, carbon black (e.g. Vulcan XC-72/72R from Cabot 
Company) is the most commonly used catalyst support in PEMFCs. Due to the 
importance of the catalyst support materials in fuel cell applications, much research effort 
has been put on supports other than carbon blacks, such as activated carbon, carbon 
nanotubes, carbon nanofibers, ordered mesoporous carbons, carbon aerogels, etc. in order 
to discover better support materials for better fuel cell performance and durability.2, 3 
Activated carbon is very highly microporous which can result in Pt particles being 
trapped where they are not in contact with electrolyte or fuel, so it is expected not to be a 
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good support candidate. Better performance on carbon nanotubes and nanofibers as 
supports in fuel cells has been reported, but the production cost for these materials is very 
high which may prevent the immediate application of these supports in practice. 
The structure of carbon aerogel is very different from that of carbon black. Carbon 
black consists of carbon agglomerates formed from weak van der Waals forces between 
aggregates of primary particles. The primary particles in the aggregates are fused together 
by strong covalent bonding. Carbon aerogel's structure can be described as three-
dimensional consisting of interconnected carbon nanoparticles and interconnected 
nanopores. Carbon aerogel was first synthesized by Pekela4, 5 in 1989 using resorcinol 
(R) and formaldehyde (F) as reactants polymerized using sodium carbonate catalyst (C) 
to form a precursor RF hydrogel. This precursor hydrogel is then subjected to 
supercritical CO2 drying and carbonization at about 1050 ºC under inert atmosphere to 
produce the carbon aerogel. The aerogel structure (specific surface area, pore size, pore 
size distribution, porosity, density, etc.) can be tuned by varying synthesis conditions 
such as RF content in the reaction mixture (the combined weight percent of R and F 
relative to the weight of the overall reaction mixture including water), the ratio of C to R 
in the reaction mixture, pH, etc.6, 7 Due to these special properties of carbon aerogels 
mentioned above, they have been pursued as gas diffusion layers8 and as catalyst supports 
in the active catalyst layer9, 10 in PEMFCs. High performance of aerogels as supports in 
catalyst layers was reported9, but supercritical drying is expensive and time consuming. 
Carbon xerogels with similar structure and properties to carbon aerogels could be 
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prepared under ambient pressure drying after careful control of the synthesis 
conditions.11-13 The ambient-pressure drying is simple and cost-effective. 
Several groups have described work using carbon aerogels and xerogels as Pt catalyst 
supports in PEM fuel cells9, 10, 14-22. In many cases materials have been well characterized 
but comparisons have not been made with conventional Pt-on-carbon-black materials, 
and/or the materials have not been used to fabricate membrane electrode assemblies 
(MEAs). In cases where MEAs were fabricated and tested, the results have been mixed. 
In some cases the catalysts with aerogel/xerogel supports work as well or better than 
conventional Pt-on-carbon black catalysts, whereas in other cases the performance is 
worse. Critical issues appear to include the Pt particle size and penetration of catalyst 
particles, electrolytes and fuels into and out of aerogel/xerogel supports. Each approach is 
unique and the results have varied from one group to another. 
In this chapter, carbon xerogels with BET surface area of 462 m2 g-1 and peak pore size 
14 nm were produced by modifying a previously described ambient-pressure drying 
method12, 13 and explored as Pt catalyst supports for H2/O2 (air) PEMFCs. The carbon 
xerogel supported Pt catalysts (Pt/CX) were characterized by thermogravimetry (TGA), 
powder X-ray diffractometry (XRD), electron microscopy (SEM, TEM) and ex-situ 
cyclic voltammetry (CV) for thin-film electrode samples supported on glassy carbon and 
studied in a sulfuric acid electrolyte. Pt/CX samples were studied in comparison with 
commercially obtained samples of Pt catalyst supported on a Vulcan XC-72R carbon 
black support (Pt/XC-72R). The Pt/CX samples were also used to fabricate MEAs which 
were tested in a single-cell test station. 
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3.2 Experimental 
3.2.1 Synthesis of carbon xerogel 
Carbon xerogels were synthesized by the RF sol-gel method using ambient-pressure 
evaporative drying.12, 13 The R/F mole ratio was kept at 1:2 and C/R mole ratio was at 
1:1500. The RF content was 30 wt%. A typical preparation proceeded as follows: 
calculated amounts of resorcinol (98%, Aldrich) and formaldehyde (37 wt%, ACS 
Reagent, Aldrich) were mixed in a glass test tube (approx 50 mL) with DI water using 
sodium carbonate as polymerization catalyst. The solution pH was adjusted to near 7 
before the test tube was sealed with a rubber septum. The sol was cured at room 
temperature, 50 °C and 90 °C, one day each, then the gel was exchanged with acetone 
three times to remove water from inside the pores. The acetone-filled RF gel was then 
dried in air. Finally the carbon xerogel product was obtained after carbonizing the dried 
organic RF gel at 1050°C under flowing N2 for 4 h. 
3.2.2 Catalyst deposition onto carbon xerogel 
Carbon aerogel (CX) samples (about 0.1 g) were ground in an agate mortar to a fine 
powder, and the resulting powders were sonicated in 30 mL DI water for 15 min. Then, a 
diluted H2PtCl6 (Acros Organics, 40% Pt) solution was added into the carbon powder 
suspension and sonicated for another 30 min. The mass of platinum salt added to the CX 
sample corresponded to 20 wt% of platinum metal in the final material. After sonication, 
the mixture pH was adjusted to 11 and an excess amount (10x) of formaldehyde was 
diluted in DI water (2 mL) and added drop by drop into the carbon suspension under 
stirring. The mixture was kept stirring for another 15 min at room temperature, then the 
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reaction temperature was raised to 90 ºC and kept at 90 ºC for 2 h under stirring. Then the 
reaction was cooled down to room temperature and diluted HCl (2 mol L-1) was added to 
promote precipitation of Pt catalyst onto carbon powders. The Pt deposited carbon 
xerogel powder (Pt/CX) was then filtered, thoroughly washed with deionized (DI) water, 
and dried at 100 °C under vacuum. For all Pt/CX samples subjected to further analysis, 
the final Pt content was approximately 20% weight percent as measured by 
thermogravimetric analysis (TGA) under O2 atmosphere. 
3.2.3 Characterization of the materials 
3.2.3.1 N2 adsorption/desorption method 
The specific surface area and pore texture of the carbon xerogels were characterized by 
the analysis of nitrogen adsorption–desorption isotherms, performed at 77 K with a 
Micromeritics ASAP 2010 apparatus. The sample was degassed at 200 ºC for one day 
before measurement. The specific surface area (SBET) of carbon xerogel samples was 
obtained using the Brunauer-Emmett-Teller (BET) model23, micropore properties 
(microporous volume Vmicro, microporous surface area Smicro) were obtained using the t-
plot method24, 25 and the Barrett-Joyner-Halenda (BJH) model26 was used to evaluate the 
mesopore properties (mesoporous volume Vmeso, mesoporous surface area Smeso pore size 
and distribution (PSD). The total pore volume (Vtotal) was recorded at P/P0 of near 
saturation. As a comparison, a commercial support Vulcan XC-72R from Cabot 
Company (without Pt) was also characterized by the N2 adsorption/desorption method. 
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3.2.3.2 Powder X-ray diffractometry 
X-ray powder diffractograms of Pt/CX and Pt/XC-72R (20% Pt, Alfa Aesar) samples 
were obtained using a Scintag XDS2000 powder x-ray diffractometer using Cu Kα 
radiation of wavelength 0.1540 nm. The 2θ angular range between 5 and 90 degrees was 
scanned at 0.5 s per step in 0.02 º steps. 
3.2.3.3 Electron microscopy 
Scanning electron microscopy (SEM) measurements on Pt/CX samples were performed 
using a Hitachi S-4800 microscope equipped with an Oxford INCA EDS detector. Pt 
mapping was done with EDS. The powder sample was mounted on a double-sided carbon 
sticky tape.  Transmission electron microscopy (TEM) measurements were performed on 
Pt/CX and Pt/XC-72R samples using a Hitachi H7600T transmission electron microscope 
which was operated at an accelerating voltage of 200 kV. The samples were prepared by 
dispersing a small amount of the catalyst powder in ethanol with ultrasonic treatment. 
Several drops of the dispersion were taken using a pipette and put on a holey carbon 
copper grid, followed by drying in air at room temperature overnight. 
3.2.3.4 Thermogravimetry analysis 
The Pt contents of Pt/CX and Pt/XC-72R samples were determined from the residual 
mass following TGA under O2 atmosphere at 850 °C with a heating rate of 15 ºC min
-1 
using a Mettler Toledo TGA/SDA 851e analyzer. Residual mass for Pt-containing 
samples is assumed to be Pt metal. TGA runs on Pt-free carbon samples showed very low 
residual masses (< 1%). 
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3.2.3.5 Ex-situ cyclic voltammetry and CO stripping voltammetry 
Ex-situ cyclic voltammetry (CV) was employed to characterize the electrochemically 
active surface area (ESA) of Pt catalysts. CV measurements were made using a CH 
Instruments model 660A electrochemical with a standard three-electrode cell with home-
made Hg/Hg2SO4 (0.1 mol L
-1 H2SO4) reference and Pt wire counter electrodes. The 
working electrode was a freshly cleaned glassy carbon (GC) plate electrode onto which a 
thin layer electrode was formed by evaporation of 10 µL of a well-mixed ink suspension 
consisting of supported catalyst and solubilized Nafion solution in isopropanol (0.5 mL 
isopropanol, 10 mg Pt/C catalyst, and 50 mg 5% Nafion (EW 1100, Solution technology) 
mixed together and stirred overnight). Ex-situ CV measurements were performed by 
partial immersion of the GC electrode in 0.5 mol L-1 deaerated H2SO4 solutions with N2 
blanket on the top. Before recording the CVs used to determine ESA, the potential was 
repeatedly cycled until a stable voltammogram was obtained. In the case of CO stripping, 
electrodes were exposed to CO by brief bubbling with CO gas with the electrode held at -
0.25 V (vs. Hg/Hg2SO4) prior to voltammetric analysis. 
3.2.3.6 MEA fabrication 
Membrane electrode assemblies (MEAs) were prepared using the decal transfer method 
developed by Wilson and co-workers27, 28. In brief, an ink was prepared by mixing carbon 
supported catalyst (20% Pt/CX, or 20% Pt/XC-72R), solubilized Nafion solution (5%, 
EW 1100), isopropanol, glycerol and tetrabutyl ammonium hydroxide solution (1mol L-1 
in methanol, Aldrich) with a dry mass ratio of Pt/carbon to Nafion of 5:2. The ink was 
applied via several steps of painting thin layers of ink onto Teflon-coated fiberglass 
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templates followed by heating at 140 ºC for 30 min to remove solvent, to achieve a Pt 
catalyst loading in the range of 0.25 mg cm-2. An MEA was then made by hot-pressing a 
Nafion 117 membrane in Na+ form with two ink-coated templates (one on each side) at 
200-210 ºC and 600 lbs force for 5 min. Following hot pressing, the MEA was boiled in 
0.5 mol L-1 sulfuric acid for 1 hr to convert all ionomer back to the proton form, then 
boiled in DI water for 1 h and washed with DI water several times. The MEAs were 
stored in DI water before use. 
3.2.3.7 Single fuel-cell testing 
The single-cell testing of MEAs was performed on a model 850C test station from 
Scribner Associates Company. Before assembling in the test fixture, the MEA was pulled 
dry and flat on a vacuum table at 60 °C for 20 min, and then the MEA was mounted on 
the test fixture by sandwiching the MEA between the two pieces of uncatalyzed gas 
diffusion backing (ELAT/NC, E-TEK). The active area of an MEA is 5 cm2. Humidified 
fuel (H2) and oxidant (O2 or air) gases were supplied to the test fixture by the test station. 
The cell was operated under ambient pressure on both the anode and cathode. Cells were 
broken in at a cell voltage of 0.5 V overnight, after which a series of polarization curves 
was acquired in controlled voltage mode under different operating conditions. The cell 
open circuit voltage was close to or above 1.0 V for all MEAs. The cell resistance was 
monitored during acquisition of the polarization curves using the current interrupt method 
(CI) and by high frequency impedance spectroscopy (HFR) at 1 kHz frequency.29 
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3.2.3.8 In-situ MEA cyclic voltammetry 
The in-situ CV measurement was used to obtain ESA values for the supported Pt 
catalysts in the MEAs in the fuel-cell test fixture 30. For such a measurement the fuel-cell 
station operated in a two-electrode configuration in which the anode severed as both 
pseudo-reference and counter electrodes, and the cathode served as the working 
electrode. The anode was fed with high purity H2 gas (humidified) and the cathode was 
fed with high purity N2 gas (humidified). The gas flow of both N2 and H2 was kept at 50 
mL min-1 during the measurements. The Solartron 1280B electrochemical measurement 
unit was used as a potentiostat. The potential was cycled between 0 to 0.8 V with a scan 
rate of 40 mV s-1. 
3.3 Results and discussion 
The CX samples synthesized as described above were characterized via their N2 
adsorption and desorption isotherms in comparison with the commercial carbon black 
support Vulcan XC-72R (which was used as the catalyst support for the commercially 
obtained Pt/XC-72R samples). The N2 adsorption and desorption isotherms are shown in 
Figure 3.1. The CX sample shows a type IV, H2 isotherm according to IUPAC 
classification31 indicating that mesopores exist in the sample. The pore size distribution 
(PSD) deduced from the BJH method for both CX and XC-72R samples is shown in 
Figure 3.2. The CX sample has a relatively sharp pore size distribution, with pore sizes 
between 5-30 nm while XC-72R carbon shows a broad PSD of about 2-300 nm. The  
XC-72R broad PSD was reported in literature and reflects its aggregate and agglomerate 
structure. Other textural properties of CX and XC-72R are listed on Table 3.1. From 
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Table 3.1 it is seen that CX has nearly double the BET surface area of XC-72R while the 
mesoporosity (Vmeso/Vtotal) for both samples is nearly the same. The CX sample has more 
micropore surface area (higher Smicro/SBET) although for both supports, the micropore 
volume is low. 
Table 3.1 Textural property of carbon xerogel and carbon black 
Carbon SBET Smicro Smicro/ Vtotal Vmicro Vmeso Vmeso/ dBET dBJHads dBJHdes 
 m2g-1 m2g-1 SBET cm
3g-1 cm3g-1 cm3g-1 Vtotal nm nm nm 
CX 462 197 0.43 0.81 0.09 0.70 0.86 7.0 10.4 9.9 
XC-72R 237 83 0.35 0.62 0.04 0.55 0.89 10.4 17.6 22.7 
SBET: BET surface area, Smicro:micropore surface area by t-plot, Vtotal:total pore volume at 
near saturation pressure, Vmeso:cumulative volume of pores between 1.7 and 300 nm by 
BJH adsorption branch, dBET, dBJHads, dBJHdes:average pore width by 4V/A 
 
Figure 3.1 N2 sorption isotherms of carbon xerogel (CX) (●) and XC-72R (○) 
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Figure 3.2 The pore size distribution of carbon xerogel (CX) (●) and XC-72R (○) 
The Pt catalyst was deposited onto CX powder samples by the impregnation-reduction 
method using hexachloroplatinic acid as a Pt precursor and formaldehyde as a reducing 
agent.32, 33 TGA analysis showed the Pt contents in most Pt/CX samples were close to the 
20 wt % value expected from the amount of hexachloroplatinic acid used in the Pt 
deposition step. This finding confirms that Pt reduction/deposition proceeds with high 
efficiency. 
 
Figure 3.3 XRD graphs of carbon supported catalysts Pt/CX (top) and Pt/XC-72R 
(bottom) 
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The Pt/CX samples were subjected to powder XRD analysis to confirm Pt deposition 
and allow for estimation of Pt particle sizes. The XRD graphs of a representative Pt/CX 
sample and a commercial Pt/XC-72R sample are shown in Figure 3.3. The diffractogram 
shows features expected for Pt as labeled on the graph; the feature near 25 degrees 2-
theta is from the carbon substrate. The Pt diffraction lines are generally narrower for the 
Pt/CX sample relative to the Pt/XC-72R sample, which suggests that the Pt particles on 
the Pt/CX sample are larger. 
Table 3.2 Pt nanoparticle size and specific surface area by different methods (XRD, 
TEM, ex-situ CV (H), ex-situ CV (CO) and in-situ CV (H) 
Sample dXRD SXRD dTEM STEM SH SCO Sin-situ 
 nm m2 g-1 nm m2 g-1 m2 g-1 m2 g-1 m2 g-1 
Pt/CX 4.5 62.3 3.3 85 67 63 55 
Pt/XC-72R 2.2 127.4 2.8 100.1 67 66 65 
dXRD: particle size by XRD, dTEM: particle size by TEM, SXRD, STEM: the specific surface 
area calculated from the equation (2) from XRD and TEM respectively, SH: specific 
surface area from ex-situ CV (H desorption charge), SCO: surface area from ex-situ CO 
stripping CV, Sin-situ: surface area from in-situ CV (in MEA) 
Nanoparticle sizes may be quantified from powder XRD data using the Scherer 
equation. For the case of Pt on carbon it is common to use the Pt (220) line for this 
analysis. According to the Scherer equation (Equation 3.1),34 from the line broadening of 
the Pt crystal face 22035, the Pt particle size may be estimated. 
 0.9(nm)
cos( )
d
B
λ
θ
=  (3.1) 
  55
In this equation d is the Pt crystal size (diameter), λ is the X-ray wavelength (0.1540 
nm), B is the full width at half height for the diffraction peak in radians and θ is half of 
the diffraction angle. Particle size values obtained in this way for Pt/CX and Pt/CX-72R 
are given in Table 2. As expected, Pt particle diameters are higher for the Pt/CX sample 
(4.5 nm) than the Pt/XC-72R (2.2 nm). 
From the particle size obtained as described above, the Pt specific surface area may be 
calculated using Equation 3.2: 
 
2 -1 6000(m g )S
dρ
=  (3.2) 
In his equation d is the Pt particle diameter (nm), and ρ is the Pt density (21.4 g cm-3). Pt 
specific surface areas calculated in this way are listed in Table 2 for Pt/CX and Pt/XC-
72R samples. These values will be compared with Pt specific surface area values 
obtained from TEM estimates of Pt particle size, and also with ESA values obtained by 
ex-situ and in-situ CV measurements. 
An SEM micrograph and Pt map (by EDX) of a Pt-deposited carbon xerogel sample are 
seen in Figure 3.4. The ground CX sample consists of a broad range of particle sizes, 
from submicron to several tens of microns. This finding is in sharp contrast to carbon 
black supports which are generally very fine powders. The Pt spatial distribution on the 
CX supports is shown in the Pt EDX map to be relatively homogeneous on the length 
scale shown in the figure. The Pt/CX powder samples were ground a second time before 
using them to make the catalyst ink for MEA fabrication, and also the thin-film 
  
electrodes used for ex-situ CV experiments. This was done to make the MEA active 
layers more homogeneous and thin.
Figure 3.4 SEM micrograph and Pt mapping of Pt/CX, left: SEM, right: Pt map (white 
Figure 3.5 TEM micrographs of Pt/CX
56
 
spot: Pt particle) 
 
 (left) and Pt/XC-72R (right)
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Figure 3.6 Pt Particle size histogram of carbon supported catalysts by TEM, Pt/CX (left, 
dmean = 3.3 ± 1.1 nm), and Pt/XC-72R (right, dmean = 2.8 ± 0.7 nm) 
Transmission electron microscopy (TEM) was used to characterize catalyst supports on 
a much finer length scale than SEM, and to provide an alternate estimate of Pt particle 
size. The TEM micrographs and the histogram graphs of Pt particle size for the Pt/CX 
and Pt/XC-72R samples are shown in Figures 3.5 and 3.6 respectively. The micrograph 
for Pt/XC-72R shows the typical structure expected for carbon black of aggregates of 
small carbon primary particles. The Pt/CX sample does not show this structure; rather it 
consists of larger regions of porous carbon. Lower magnification TEM micrographs (not 
shown) support this view of the CX samples as consisting of relatively large particles 
with internal porosity. Both TEM micrographs also clearly show the supported Pt 
particles. In both cases but particularly for the Pt/CX sample, the Pt particles appear to be 
distributed all throughout the carbon support, and not just on the carbon particle surface. 
The mean Pt diameter for Pt/CX and Pt/XC-72R samples is estimated to be 3.3 ± 1.1 nm 
and 2.8 ± 0.7 nm respectively by counting more than 200 particles from each TEM image 
using ImageJ software.36 Error estimates are standard deviations from which a slightly 
broader Pt size distribution for Pt/CX is seen. The specific surface area (SA) of Pt could 
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be calculated according to Equation (2) from the Pt particle size measured by TEM or 
XRD on the Pt/CX and Pt/XC-72R samples, and the values are listed on Table 3.2 in 
comparison with the ESA measured by ex-situ and in situ CVs. Pt specific SA of Pt/CX is 
smaller than that of Pt/XC-72R due to smaller Pt particle size on Pt/XC-72R. Usually the 
Pt catalyst specific surface area from TEM and XRD are larger than that measured by  
ex-situ or in-situ CV because TEM or XRD measurement includes electrochemically-
inaccessible Pt particle. Also the ESA measured ex-situ (in a half cell) is commonly 
higher than that measured in-situ (in a full cell) due to better ion conduction by help from 
free acid (H2SO4) in the half–cell measurement. These will be seen in following 
discussion. 
Ex-situ CV is commonly used to estimate electrochemically active Pt surface area 
(ESA) for comparison with areas calculated from Pt particle sizes. Estimates may be 
obtained from H adsorption/desorption or CO stripping. For the case of H 
adsorption/desorption, the ESA (SESA m
2 g-1 Pt) may be calculated from Equation 3.3:37 
 2 1(m g Pt) 100ESA
Pt
q
S
L
− =
Γ
 (3.3) 
In this equation q is the hydrogen adsorption or desorption charge density determined 
by CV (mC cm-2), Γ (210 µC cm-2) is the well-established quantity for the charge to 
reduce a monolayer of protons on Pt, LPt is the Pt loading in the electrode (mg cm
-2). 
Figure 3.7 (left) presents CVs for Pt/CX and Pt/ XC-72R samples for the H adsorption or 
desorption region. The CV shapes are as expected for Pt on carbon. Estimates of the 
hydrogen adsorption or desorption charge density were made as described in references 
37, 38, and ESA values are given in Table 3.2. Somewhat surprisingly, ESA values are 
  59
nearly identical for the two samples despite previous findings that Pt particles sizes are 
smaller for the Pt/XC-72R sample. We believe that this finding reflects the possible 
presence of Pt particles in micropores of the Pt/XC-72R sample that may be inaccessible 
to even liquid electrolyte. It is possible that Pt particles did not enter into micropores in 
the Pt/CX sample due to the technique used to make Pt particles and deposit them. 
  
Figure 3.7 Ex-situ CVs (left) and CO stripping CVs (right) of Pt/CX (solid line) and 
commercial Pt/XC-72R (dash line), WE: thin-film-catalyst coated GC, RE: Hg/Hg2SO4, 
CE: Pt wire; scan rate: 20 mV s-1 
Figure 3.7 (right) shows ex-situ CVs for CO stripping for Pt/CX and Pt/ XC-72R 
samples. ESA values were again obtained using Equation 3.3 but with a Γ value of (420 
µC cm-2)37 which is appropriate for CO stripping. ESA values from CO stripping are in 
relatively good agreement with those from hydrogen adsorption or desorption (i.e. 
agreement to within ten percent which is as good as can be expected given the 
uncertainties associated with baseline subtraction in CV integration, sample weighing and 
volume measurement by micro-pipette), which serves to validate both methods. We note 
that the onset and peak potentials for CO oxidation are shifted slightly negative for Pt/CX 
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relative to Pt/XC-72R. This shift is consistent with expectations if the Pt particles are 
slightly larger in the Pt/CX catalyst.39 
 
Figure 3.8 In-situ CVs of Pt/CX and commercial Pt/XC-72R catalysts; Anode: H2, 50 mL 
min-1, Cathode: N2, 50 mL min
-1, cell temperature 30 ºC, potential range 0-0.8 V, scan 
rate 40 mV s-1 
In-situ CV may be used to estimate Pt ESA in intact electrodes in MEAs. Comparison 
of ESAs for such samples with those obtained by ex-situ CV provides information on 
catalyst utilization in the MEA. Generally, the cathode is of most interest because of the 
sluggish reaction kinetics of the oxygen reduction. In-situ CV (Figure 3.8) yielded ESA 
values for Pt/XC-72R cathodes that were similar to those obtained by ex-situ CV in 
sulfuric acid, suggesting that Pt utilization is high in these electrodes (notwithstanding the 
comment above regarding the possible presence of Pt trapped in micropores in Pt/XC-
72R which would be inaccessible to both in-situ and ex-situ CV). In contrast, in-situ CV 
(Figure 3.8)  for Pt/CX cathodes revealed a smaller ESA value, e.g. 55 m2 g-1, than was 
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obtained by ex-situ CV, e.g. 63 - 67 m2 g-1. This finding suggests that access of Nafion 
electrolyte to Pt particles in Pt/CX electrodes is diminished relative to that for Pt/XC-72R 
electrodes. 
  
Figure 3.9 Polarization curves of MEAs tested in H2/O2 or H2/air cells, at 80 ºC (left) and 
at 50 ºC (right) Measurement conditions: H2/O2 or air, cell temperature 80 or 50 ºC, 
stoichiometric ratio, H2 1.25, O2 1.5, or air 4.0, all measurements at atmospheric pressure, 
and Pt around 0.25 mg cm-2 in both anode and cathode, respectively 
MEAs fabricated with both Pt/CX and Pt/XC-72R catalysts were tested at 50 ºC and 80 
ºC in both H2/O2 and H2/air cells under atmospheric pressure conditions. The polarization 
and resistance curves are shown in Figures 3.9 and 3.10 respectively. In the following 
discussion we consider two ways of analyzing these data. In one approach we consider 
performance at high cell voltage (0.9 V) and low current density, where current is limited 
principally by the catalyst intrinsic activity. This approach allows for quantitative 
comparison of catalyst intrinsic activity with published values for related catalysts. The 
second approach focuses on performance at higher current density and lower cell voltage. 
These conditions are closer to those under which a cell would operate in a real-world 
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application. Comparison of performance under these two conditions allows for a more 
careful consideration of loss mechanisms under different operating conditions. 
Table 3.3 Specific activity Is(0.9V) and mass activity Im(0.9V), of Pt/CX and Pt/XC-72R 
catalysts at 80 ºC, H2/O2, 100% RH, atmospheric pressure 
Sample ESAin-situ Pt 
loading 
I(0.9 V) Is(0.9V) Im(0.9V) I*s(0.9V) 
100kPa 
I*m(0.9V) 
100kPa 
  m2 g-1 mg cm-2 mA cm-2 µA cm-2 mA mg-1 µA cm-2 mA mg-1 
Pt/CX 55 0.23 17.3 136 75 259 143 
Pt/XC-72R 65 0.28 19.7 108 70 206 134 
I*s(0.9V) 100kPa and I*m(0.9V) 100kPa values are after correction for the oxygen partial pressure 
which were made assuming a first-order dependence of cell current on oxygen partial 
pressure and a water partial pressure of 47.37 kPa which corresponds to saturation 
conditions at 80 ºC and 100% RH 
  
Figure 3.10 Polarization curve data from Figure 3.9 with currents normalized to Pt 
loading 
Table 3.3 presents values for the intrinsic catalyst activity for Pt/CX and Pt/XC-72R 
cathodes at 80 ºC in H2/O2 cells at 100% RH at atmospheric pressure. Values are given 
for both area-normalized and mass-normalized activity at 0.9 V cell voltage which 
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follows the recommended procedure for comparing intrinsic catalyst activities under 
conditions where ohmic and mass-transfer limits should be minimized.40, 41 The lower 
values are without correction for the oxygen partial pressure (which is less than 1 atm due 
to the partial pressure of water vapor) and the higher values are after correction for the 
contribution of water partial pressure, assuming first-order dependence of current on 
oxygen partial pressure. Comparison with literature values shows that these catalysts 
have quite high activities. For example Gasteiger and co-workers40 have suggested that 
an area-specific activity of 170-210 µA cm-2 Pt is a good benchmark for comparison with 
new catalysts, and both our catalysts exceed this value. Significantly, the area-specific 
activity for the Pt/CX catalyst exceeds that of the Pt/XC-72R catalyst by approximately 
20 percent. This finding is consistent with the fact that the Pt/CX catalyst has a slightly 
larger Pt particle size. Larger Pt particles have been shown to give higher area-specific 
activities. 
Next, the cell performance at lower cell voltages is considered, near 0.3 - 0.6 V, where 
current densities are much higher, e.g. by up to 80 times, and mass transfer limitations are 
more prevalent. The performance of Pt/CX cells in H2/O2 at 80 ºC (as indicated by 
current density at a particular cell voltage) is slightly poorer than that of Pt/XC-72R. The 
performance of Pt/CX in H2/O2 at 50 ºC is close to that of Pt/XC-72R while performance 
in H2/air at both 50 ºC and 80 ºC is poorer. Performance under such conditions is affected 
by many factors, one of which is Pt loading, and it is instructive to compare performance 
curves following normalization for Pt loading. Figure 3.10 presents the data from Figure 
3.9 with just this normalization applied. It is clear that under all conditions, but especially 
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in H2/O2 at lower temperature, performance of the Pt/CX cell is slightly better than that of 
the Pt/XC-72R cell. We believe that this slightly improved performance of the Pt/CX cell 
under these higher current density conditions reflects a lower mass-transfer resistance in 
the Pt/CX catalyst. 
The curves of areal resistance vs current density of MEAs made with Pt/CX and Pt/XC-
72R are shown in Figure 3.11. The areal resistance for Pt/CX is slightly lower than that of 
Pt/XC-72R although Pt/XC-72R has the higher currents (see Figure 3.9). Because the two 
MEAs were tested using similar Nafion 117 membranes, the resistance difference should 
be caused by the active catalyst layer and not the membrane. This finding may therefore 
indicate a lower electrical contact resistance between the membrane and the catalyst layer 
in the Pt/CX sample. 
  
Figure 3.11 Resistance of the carbon supported catalysts by CI (left) and HFR (right) 
methods, measurement conditions same as that in Figure 3.9, for HFR, frequency at 1 
kHz 
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3.4 Conclusions 
Carbon xerogel with high surface area and a peak pore size 14 nm was synthesized by 
the RF sol-gel method using ambient pressure drying and explored as a catalyst support 
for polymer electrolyte fuel cells in comparison with a commercial carbon black XC-
72R-supported catalyst. Both catalysts were characterized with XRD, SEM, TEM, cyclic 
voltammetry both ex-situ (thin film electrode supported on glassy carbon and immersed 
in electrolyte) and in-situ (in an MEA). The Pt/CX catalyst was shown to have slightly 
higher Pt particle sizes, slightly lower accessibility of Pt particles to Nafion electrolyte, 
and slightly higher intrinsic catalytic activity at 0.9 V cell voltage when normalized to Pt 
area. Cell performance at lower cell voltages/higher current densities was slightly lower 
for a Pt/CX MEA than for a Pt/XC72R MEA, however performance was slightly higher 
following normalization for Pt loading  This finding may reflect a lower mass transfer 
resistance within the pores of the Pt/CX sample. 
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4CHAPTER 4 
SILICA-SOL-TEMPLATED MESOPOROUS CARBON AS CATALYST 
SUPPORT FOR POLYMER ELECTROLYTE MEMBRANE FUEL CELL 
APPLICATION 
4.1 Introduction 
Polymer electrolyte membrane fuel cells (PEMFCs) receive worldwide attention as 
power sources in transportation, stationary and portable applications due to their 
characteristics of high efficiency, high power density, and low emission to the 
environment. However to be commercially viable, many technical issues remain to be 
solved, especially the prohibitive product cost and the poor durability and reliability.1, 2 
Catalysts in the electrodes have great influence on the cost and performance of PEMFCs. 
Current convention for catalysts in PEMFC electrodes is supporting them on porous 
conductive carbon materials which can provide high dispersion and narrow size 
distribution for the nanocatalyst particles.3, 4 The support material itself can affect the 
electrode (catalyst) durability, and the support material can interact with catalyst 
particles, which also affects the catalyst’s activity. 
According to the International Union of Pure and Applied Chemistry (IUPAC), pores 
are classified, depending on their width, as micropores (<2 nm), mesopores (2-50 nm), 
and macropores (>50 nm).5 When used as catalyst supports in fuel cells, it is difficult for 
microporous carbon materials to form good three-phase contacts in electrodes because it 
is difficult for the reactants and large size proton conductor (e.g., Nafion electrolyte) to 
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access the micropores when Pt nanoparticles are deposited inside the micropores. 
Macroporous carbon materials with pore size larger than 50 nm usually have a lower 
surface area and a higher electrical resistance so they are also often not good candidates 
for catalyst supports in fuel cells. Mesoporous carbon (MC) materials with pore size 
between 2 and 50 nm exhibit an attractive structure property as a catalyst support, i.e., a 
large surface area with larger size mesopores and is expected to bring about better three-
phase contacts and therefore better performance for electrodes. 
Mesoporous carbon may be classified into two categories according to their structures 
and morphologies:6 (1) ordered mesoporous carbon (OMC), which is constructed of 
regular arrays of uniform mesopores and usually synthesized by nanocasting ordered 
mesoporous silica templates or by directly templating triblock copolymer structure-
directing species and (2) disordered mesoporous carbon (DOMC) with irregular pore 
structures. In regard to pore structure, OMC is preferred as catalyst support in terms of 
regular pore structure, specific surface area, electrical conductivity, and mass transport 
and has been extensively studied as catalyst supports for PEMFCs.6 But OMCs are 
generally prepared using ordered mesoporous silicas as  hard templates; the long, 
complex, expensive synthesizing ordered mesoporous silicas makes its widespread 
applications limited. Also, the control of pore diameter in OMC synthesis is not easy 
because the control of the pore diameter in the carbon is resulted from controlling the 
pore-wall thickness of the template which is not easy to execute in synthesis.7 
This chapter presents the work to employ disordered mesoporous carbon prepared by a 
silica particle (sol) template method as catalyst supports in PEMFCs. The synthesis 
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process is easy and the resulting carbon has high surface area and large pore size and 
broad pore size distribution (10-100 nm). The performance of MC-supported Pt catalysts 
is compared to that of the most commonly used commercial Vulcan XC-72R supported 
Pt catalyst. Our work extends prior recent work by others, notably Joo and co-workers, 
on the use of mesoporous carbon as a PEMFC catalyst support.8-10 The work here differs 
from this prior work because it involves samples with an especially high specific pore 
volume (over 4 cm3 g-1) and surface area and because it addresses the issue of pore 
volume in ink formulations, specifically regarding the importance of ionomer inside 
mesopores. 
4.2 Experimental 
4.2.1 Synthesis of mesoporous carbon 
Mesoporous carbons were prepared by a silica-particle-templated sol-gel method11, 12 in 
which resorcinol (98%, Aldrich), and formaldehyde (37 wt%, ACS reagent, Aldrich, as a 
carbon precursor) were polymerized in the presence of colloidal silica particles Ludox HS 
40 (wt% silica in water, Aldrich, average silica particle size 12 nm, as a template), 
followed by subsequent carbonization and removal of silica particles. The schematic 
synthesis scheme is shown in Figure 4.1. In a typical synthesis, the mole ratio of 
resorcinol:formaldehyde: SiO2:H2O was kept at 1:2:7.5:86. Resorcinol, formaldehyde and 
additional water according to the above ratio were mixed and stirred in the presence of 
silica colloidal solution Ludox HS-40. The initial pH of the mixture was adjusted to close 
to 8, then the mixture was gelled/aged at 50 °C for one day and 90 °C for another day to 
produce silica-RF gel composites. After that, the silica-RF gel composite was first dried 
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in air for 1 day, and then dried at 100 °C under vacuum for another day, and finally the 
composite was carbonized at 850 °C for 3 h under flowing nitrogen gas with a heating 
rate of 5 °C min-1. The resultant silica-carbon composite was crushed into powder and 
stirred in 40% NaOH solution overnight to dissolve out the silica component. The 
mesoporous carbon was finally obtained by filtration and was washed with copious water 
until the filtrate was neutral. 
Silica particles
Resorcinol +
formaldehyde
Gelation/curing
Silica particles RF gel
Carbonization
NaOH etching of
silica template
Mesoporous carbon
 
Figure 4.1 Schematic presentation for the synthesis of mesoporous carbons: (1) 
gelation/curing of resorcinol and formaldehyde (RF) in the presence of silica 
nanoparticles; (2) carbonization of RF gel-silica composite at 850 °C to get a carbon-
silica composite; (3) NaOH etching of silica template to obtain mesoporous carbon 
4.2.2 Catalyst deposition onto mesoporous carbon 
The MC was ground in an agate mortar down to fine powder, and the resulting powder 
(around 0.1 g) was suspended in 50 mL dilute H2PtCl6 solution and sonicated for 30 min. 
The mass of platinum salt diluted corresponded to 20 wt% of platinum in the final 
material. An excess amount (10x) of formaldehyde was diluted in 2 mL distilled water 
and added dropwise into the carbon suspension to reduce the platinum salt adsorbed on 
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the carbon surface. The mixture was kept stirring for 15 min at room temperature, and 
then the temperature was increased to 90°C and kept at the temperature for 2 h, after 
which the mixture was cooled down and a dilute HCl (4 mol L-1) solution was added to 
help with deposition of Pt onto MC. Finally, the Pt-deposited carbon powder was filtered, 
thoroughly washed with water, and dried at 100 °C under vacuum.  
4.2.3 Characterization of mesoporous carbon 
4.2.3.1 N2 adsorption method 
The prepared mesoporous carbon was characterized by the N2 sorption method at 77K 
using a Micrometrics ASAP 2010 apparatus. The MC sample was degassed at 200 ºC for 
one day before measurement. The specific surface area (SBET) of the carbon was extracted 
from the Brunauer-Emmett-Teller (BET) model13 and the mesopore (mesoporous volume 
Vmeso, mesoporous surface area Smeso) and micropore (microporous volume Vmicro, 
microporous surface area Smicro) properties were extracted from the t-plot method.
14, 15 
The Barrett-Joyner-Halenda (BJH) model16 was used to evaluate the pore size and its 
distribution. The total pore volume (Vtotal) was recorded at P/P0 near to saturation.  
4.2.3.2 Thermal gravimetric analysis 
The silica residue was analyzed by thermal gravimetric analysis (TGA) with Mettler 
Toledo TGA/STDA 851e analyzer in O2 atmosphere of temperature from 50 ºC to 1000 
ºC at a heating rate of 10 ºC min-1. The platinum content in the MC-supported Pt catalyst 
was also measured by the TGA heating to 850 ºC at 15 ºC min-1 under O2 atmosphere. 
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4.2.3.3 Ex-situ cyclic voltammetry 
The electrochemically active surface area (ESA) of the Pt/MC was measured with  
ex-situ cyclic voltammetry (CV) and CO stripping voltammetry using a CH Instruments 
model 660A electrochemical workstation with a standard three-electrode cell. A home-
made Hg/Hg2SO4 (0.1 mol L
-1 H2SO4) electrode and a Pt wire served as reference and 
counter electrodes respectively. The working electrode was a thin-film-coated glassy 
carbon (GC) plate electrode made by attaching a graphite rod with graphite adhesive to 
the back of a square GC plate (5 mm each side, geometric surface area 0.025 cm2). The 
thin film on the GC was made from an ink mixture of the catalyst of Pt/MC, solubilized 
Nafion and isopropanol. Further details on formulating the ink and coating a thin film on 
the GC are provided in reference.17 ESA values of commercial Pt/XC-72R catalyst 
samples were measured in a similar way for comparison. 
4.2.3.4 Fuel cell testing 
The thin film decal transfer method of fabrication of membrane electrode assemblies 
(MEAs), developed by Wilson and co-workers3, 18 was employed to make MEAs for both 
commercial Vulcan XC-72R supported catalyst (20% Pt, Alfa Aesar) and synthesized 
MC-supported catalyst (Pt/MC, 18% Pt). In brief, an ink was prepared by mixing under 
stirring of carbon-supported catalyst (20% Pt/CX, or 20% Pt/XC-72R), solubilized 
Nafion solution (5%, EW 1100), isopropanol, glycerol and tetrabutyl ammonium 
hydroxide solution (1 mol L-1 in methanol) in a small vial with cap. A thin catalyst layer 
was painted onto a poly(tetrafluoroethylene) (PTFE)-coated template, and then two thin 
layers were transfer to a Nafion 117 membrane by hot pressing to form a MEA. This 
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method worked well for the commercial Vulcan XC-72R supported catalyst however an 
MEA could not be made in this way using the ink of Pt/MC by the decal method with 
regular ink formulation. The ink film formed after the ink was painted on the templates 
and heated in oven at 140 °C consistently cracked and peeled from the template (see 
Figure 4.8 (a)). In contrast, we have previously shown that for Pt deposited onto a carbon 
xerogel support synthesized without silica template, MEAs could be made using the thin-
film method with the regular formulation.19 So, for MC-supported Pt catalyst, we 
prepared the ink the same way as in the decal method, and then applied the ink directly 
onto gas diffusion media to make catalytically active gas diffusion electrodes. Then, an 
MEA was fabricated by hot pressing two gas diffusion electrodes with a Nafion 117 
sandwiched between. For commercial Pt/ XC-72R catalyst, the decal method was still 
used. The detail about the decal method to make MEAs is seen in references.3, 18, 19 The 
MEAs were tested on a Scribner 850 C test station. Cells were broken in at a cell voltage 
of 0.5 V overnight, after which a series of polarization curves was acquired under 
different operating conditions. Cell resistance was monitored during acquisition of 
polarization curves using the current interrupt method. 
4.3 Results and discussion 
4.3.1 Silica-templated mesoporous carbon 
N2 adsorption–desorption isotherms and pore size distributions (PSDs) of MC 
compared with carbon black XC-72R are shown in Figures. 4.2 and 4.3, respectively. The 
MC showed the type IV isotherm with H1 hysteresis loop that is a typical characteristic 
of mesoporous materials. MC has much higher specific surface area than Vulcan XC-
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72R. MC has a broad pore size distribution of 5 to 200 nm with a peak pore size around 
60 nm. Silica colloidal particles used in this work as a pore generator have an average 
particle size of ca. 12 nm. The larger pore size in MC is thought to reflect aggregation of 
silica particle in the process of synthesis. While Vulcan XC-72R also has a broad pore 
size distribution, its structure is very different. Oil-furnace carbon black (e.g. Vulcan  
XC-72/72R) is composed of aggregates that are fused together from primary particles by 
covalent bonds, with aggregates easily agglomerating together by van der Waals bonds. 
The large pores in Vulcan XC-72R are mainly from the interstices of aggregates and 
agglomerates. 
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Figure 4.2 N2 adsorption and desorption isotherm of MC (●) and XC-72R (□) 
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Figure 4.3 BJH pore size distribution of MC (●) and XC-72R (□) 
Table 4.1 Textural properties of MC in comparison with Vulcan XC-72R 
Carbon SBET Smicro Vtotal Vmicro Vmeso dBET dBJHads dBJHdes 
 m2 g-1 m2 g-1 cm3 g-1 cm3 g-1 cm3 g-1 nm nm nm 
XC-72R 237 83 0.62 0.04 0.55 10.4 17.6 22.7 
MC 958 128 4.31 0.10 4.33 18.0 18.0 17.6 
SBET: BET surface area, Smicro:micropore surface area by t-plot, Vtotal:total pore volume at 
near saturation pressure, Vmeso:cumulative volume of pores between 1.7 and 300 nm by 
BJH adsorption branch, dBET, dBJHads, dBJHdes:average pore width by 4V/A 
Other textural properties of mesoporous carbon and carbon black XC-72R supports are 
summarized in Table 4.1. Mesoporous carbon has much larger BET surface area than 
XC-72R; however, the ratio of meso-macropore area with respect to micropore area of 
MC support is higher than that of XC-72R, indicating that MC consists mainly of meso-
macropores. 
The silica residue in MC was analyzed by TGA, indicating 3% silica left after NaOH 
etching of the RF-silica composite (Figure 4.4). The silica residue content in MC was not 
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reported in the original paper 12 describing the synthesis of disordered mesoporous carbon 
by the silica-sol-templated method, but the 3% silica residue is reasonable because the 
template used in the synthesis was isolated silica nanoparticles or nanoparticle aggregates 
which were possibly isolated by carbon in the carbon-silica composite and could not be 
accessible by NaOH solution. Even for using ordered silica as a template, 2-4% silica 
residue in the resulting carbon was reported.20 
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Figure 4.4 TGA graphs of mesoporous carbon, O2 atmosphere, heating rate 10 ºC min
-1 
4.3.2 Pt deposition onto silica-templated mesoporous carbon 
The prepared MC-supported Pt catalyst (Pt/MC, 18% Pt by TGA) prepared as 
described in the experimental section was subjected to transmission electron microscopy 
(TEM) analysis. The TEM micrographs and histograms of Pt particle size distribution of 
Pt/MC and Pt/XC-72R catalysts are shown in Fig. 4.5. The Pt particles on XC-72R have 
smaller particle size (mean diameter 2.8 ± 0.7 nm) and are homogeneously dispersed 
  
throughout the support, while the Pt particles on MC have larger particle size (mean 
diameter 4.4 ± 1.8 nm) and are not as homogeneously dispersed as those on XC
Figure 4.5 TEM micrographs of carbon
and histogram of Pt size distribution in (c) Pt/MC,
Pt/XC
Pt particles on the MC support apparently have a greater tendency
together. It is known that the support will affect the catalyst particles dispersion. MC has 
higher surface area, so for approximately the same catalyst loading, e.g. 20%, it might be 
expected that Pt on MC would have less tendency to agglo
case. The reason for the Pt particle agglomeration on the MC support is not completely 
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understand at this time; one possibility is that some aspect of the surface chemistry of the 
MC support promotes Pt particle agglomeration, and is different from the surface 
chemistry of carbon black. In any case, the different Pt particle size and spatial 
distribution on both carbon supports would affect the catalysts’ performance which is 
shown by in-cell performance. 
4.3.3 Ex-situ Cyclic Voltammetry 
Ex-situ CV is often used to estimate ESA for dispersed supported Pt catalysts. Figures 
4.6 and 4.7 present ex-situ CVs by H2 stripping and CO stripping methods respectively 
for Pt/MC and Pt/XC-72R samples. The CV shapes of H2 stripping are as expected for Pt 
supported on carbon insofar as they exhibit well-defined regions for H 
adsorption/desorption and Pt oxidation/oxide reduction atop a relatively large capacitive 
background current for carbon. The capacitive background current for Pt/MC is much 
larger due to the MC’s much higher specific surface area and larger pore size. The broad 
peaks around potential of -0.15V (vs. Hg/Hg2SO4) are from reduction/oxidation of the 
quinone-like groups on the MC support. Estimated ESA values from hydrogen desorption 
charge density are given in Table 4.2 in comparison with those obtained from ex-situ CV 
of CO stripping and in-situ CV of H2 stripping (the details about ESA value estimation 
are provided in reference 17). ESA values from ex-situ CVs are smaller for Pt/MC than for 
Pt/XC-72R perhaps due to the larger Pt particle size in Pt/MC as already indicated in 
TEM images, and by the fact that some Pt particles could be buried deep inside the pores 
in MC where they are not accessible to electrolyte. The negative shift of the adsorbed CO 
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oxidation peak potential for the Pt/MC sample (shown in Figure 4.7) also verifies the 
larger size Pt particles or agglomerates for that sample.21, 22 
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Figure 4.6 Pt/MC catalyst in 0.5 mol L-1 H2SO4 solutions, potential range -0.67-0.5 V, 
scan rate 20 mV s-1 compared with that of Pt/XC-72R 
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Figure 4.7 Pt/MC catalyst in 0.5 mol L-1 H2SO4 solutions, CO stripping, potential range 
from -0.25 to -0.67V, then from 0.45 to -0.67V, scan rate 20 mV s-1, compared with that 
of Pt/XC-72R 
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Table 4.2 ESA of catalysts by ex-situ CVs of H2 and CO stripping 
Catalyst SH 
m2 g-1 
SCO 
m2 g-1 
Pt/MC 32 32 
Pt/XC-72R 67 66 
Attempts were made to evaluate both carbon-supported Pt catalysts in MEA form using 
single-cell fuel cell testing methods. However, for MC supported Pt catalyst, an MEA 
could not be fabricated by the thin-film decal transfer method using the usual amounts of 
Pt/C and binder (Nafion), which worked very well with Pt/XC-72R catalyst and the 
catalyst of Pt deposited onto carbon xerogel synthesized without silica template.17 After 
painting the regular inks onto the PTFE templates and heating them in the oven at 140 ºC, 
for the MC supported ink, an even, smooth thin film layer could not be formed. Some 
parts of the thin film layers came off after heating. The bad thin films on templates for 
MC-supported catalyst ink are shown in Figure 8 (a). 
  
Figure 4.8 Pt/MC/Nafion inks painted on PTFE templates after heating at 140 °C (a) ink 
Pt/MC with 28% Nafion; (b) ink Pt/MC with 54% Nafion 
b a 
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One significant difference between MC and carbon black XC-72R and also carbon 
xerogel support is the specific pore volume of the supports. MC has much higher specific 
pore volume (4.31 cm3 g-1) with larger pore size and broader pore size distribution (see 
Figure 4.3 and Table 4.1) than the other supports. It is suspected that the amount of 
Nafion added in the usual ink formulation for Pt/MC is not enough to bind the MC 
particles together, because much of the Nafion ends up inside the MC meso-macropores. 
To test this idea, a larger amount of Nafion, up to 54 weight percent Nafion content, was 
added to the ink to make a thin-film electrode on the PTFE template. After this 
adjustment, an even smooth thin film could be made on the PTFE template after heating 
to 140 °C as shown in Figure 4.8 (b). 
Table 4.3 Estimation of carbon support pore volume and Nafion filling in the carbon 
support pores in dried thin films made from MEA ink formulations 
Sample Pt/C mass C mass Pore volume Pore volume Nafion mass Nafion volume Ratioa 
 g g cm3 g-1 cm3 g cm3  
Pt/CBb 0.0625 0.05 0.62 0.031 0.5 0.013 0.41 
Pt/CXb 0.0625 0.05 0.81 0.0405 0.5 0.013 0.31 
Pt/MCb 0.0625 0.05 4.31 0.216 0.5 0.013 0.06 
Pt/MCc 0.0625 0.05 4.31 0.216 1.5 0.038 0.18 
Pt/C catalysts (20% Pt), 5% Nafion EW 1100 solution, and Nafion (dry) density of 1.98 
are assumed in use of ink formulations. a ratio of Nafion volume to carbon pore volume.  
b ink with 28% Nafion, c ink with 54% Nafion 
Further analysis of Nafion volume in the ink and pore volume of carbon support in the 
ink is given in Table 4.3. It is seen that in the usual MEA ink formulation, the ratio of 
Nafion volume to carbon support volume for Pt/XC-72R and Pt/CX (Pt/CX is carbon 
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xerogel supported Pt catalyst; see reference17.) are about 40% and 31% respectively, 
whereas this ratio for Pt/MC is quite low, only 6%. This calculation shows that there is a 
much higher excess pore volume in the Pt/MC ink which is consistent with our 
observation that the Nafion in that ink does not provide adequate binder properties. As 
the Nafion content increased to 54% in the Pt/MC ink, the ratio of Nafion volume to the 
MC support volume is increased to 18% and an even and smooth thin film could be made 
on the PTFE template (see Figure 4.8 (b)). Apparently, after the Nafion content in this ink 
was increased, there was enough remaining Nafion as binder to bind together the Pt /MC 
particles and an even thin film electrode could be made. This finding provides an 
important insight, namely that the optimal support-to-binder ratio will probably be 
different for supports having pore sizes and volumes that differ greatly from those of 
more conventional materials, e.g. carbon black. 
Because for the regular ink formulation, an MEA could not be fabricated from Pt/MC 
ink with the decal transfer method, in order to compare the performance of carbon 
supported Pt catalyst under similar ink formulation, MEAs from MC-supported catalyst 
were made by applying the ink directly to gas diffusion media, while MEAs from  
Pt/XC-72R were made with the decal transfer method. The MEAs made by both methods 
were treated the same way before testing. The single cell testing results of cells fabricated 
with Pt/MC and Pt/XC-72R catalysts are shown in Figure 4.9. The performance of Pt/MC 
is much inferior to that of Pt/XC-72R, although the higher surface area, large pore size 
and broad pore size distribution of the MC support are expected to improve the catalyst 
dispersion and mass transport of the reactants and products in fuel cells. The inferior 
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performance might be caused by (1) the different methods used to fabricate MEAs; (2) 
the larger Pt particle size in Pt/MC; (3) the Nafion buried inside large-size pores of MC 
not being in good contact with Pt particles. It is likely that not a single parameter among 
the various parameters such as particle size and distribution of the catalyst, surface area, 
pore size, pore size distribution, mechanical strength of the catalyst support, and, catalyst 
and support interaction can determine the electrode performance but a combination (or 
balance) of the parameters will decide the final performance of the electrode in PEMFCs. 
 
Figure 4.9 Polarization curves of catalyst Pt/MC (■) in comparison with Pt/XC-72R (□), 
anode/cell/cathode temperature 79/80/76 ºC, H2 (1.25), O2 (1.5), atmospheric pressure, Pt 
loading around 0.25 mg cm-2 for electrodes in both cells 
The work reported here provides an important insight into the use of MC supports in 
PEMFC electrodes, namely, that the optimal ratio of ionomer to catalyst/support may be 
quite different for MC supports, particular supports having high specific pore volume, 
than for more conventional supports such as carbon black. More ionomer binder may be 
needed when using supports having high specific pore volume because some ionomer 
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will be consumed in filling the pores. It is not yet known what affect this fact will have 
on overall fuel cell performance for electrodes fabricated using MC supports. It was 
initially expected that the higher free volume inside the MC support would enhance mass 
transfer rates of gases within electrodes thereby giving higher activity, however it is also 
possible that the higher amount of Nafion required for the same amount of Pt catalyst will 
create a higher mass transfer resistance for electrodes fabricated with the MC supports, 
thereby giving a lower activity. Further study focusing on optimizing ink formulations for 
MC supports and on the effect of adjusting Pt-to-ionomer ratios in electrodes fabricated 
using various catalyst supports with different (higher) Pt loading, will be needed to more 
thoroughly evaluate the possible advantages of mesoporous and other self-supporting 
structured carbon materials as catalyst supports in fuel cell electrodes  
4.4 Conclusions 
Mesoporous carbon supports having high specific surface area and pore size and 
volume were studied as catalyst supports in PEMFC electrodes. Pt particles grown on the 
MC supports were slightly larger and more agglomerated than on carbon black supports. 
Composite electrodes with Pt/MC and Nafion ionomer/binder could not be prepared 
using conventional ink formulations by the decal transfer method, probably due to Nafion 
being taken up inside MC pores. Further work aimed at optimizing fuel cell electrode 
structure and composition, focusing on the tradeoffs inherent in the use of structured 
carbon supports having large pore volumes, is needed. 
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5CHAPTER 5 
ELECTROCHEMICAL GRAFTING OF AN ARYL FLUOROSULFONIMIDE 
SALT ONTO GLASSY CARBON 
5.1 Introduction 
Intimate integration of electrolyte with electrode is essential to achieving high activity 
and long life in a polymer-electrolyte-membrane (PEM) fuel-cell electrode.1, 2 Present 
methods for making such electrodes involve simple blending of a carbon-supported 
platinum electrocatalyst with a solubilized form of a perfluorosulfonic acid (PFSA) 
polymer electrolyte such as NafionTM to form an ink from which thin-film electrodes are 
formed by solvent casting.3, 4 Intimate contact between electrodes and electrolyte in such 
electrodes relies on relatively weak bonding between the fluoropolymer and the carbon 
support. Poor wetting of the carbon by the fluoropolymer electrolyte could cause low 
initial activity, and slow changes in structure associated with gradual de-wetting of the 
carbon by the electrolyte and/or loss of electrolyte by slow dissolution in water could 
cause a gradual loss of activity. Improvements are needed to ensure a more robust and 
long-lived contact of electrolyte with catalyst. 
One way of achieving intimate integration of electrolyte with electrode is to covalently 
attach the electrolyte to the electrode via a robust surface bond. A few workers have 
prepared carbon supports onto which are attached various molecular organic acid groups. 
For example, Qi and co-workers reported on the use of peracetic acid,5 2-
aminoethanesulfonic acid,6 2-aminoethylphosphonic acid7 and a sulfonated silane8 for 
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modifying carbon supports. Modest improvements in fuel-cell performance with a 
diminished need for additional fluoropolymer electrolyte in the electrode were reported. 
A drawback to these approaches is that they utilize acid-to-surface bonds that are 
potentially unstable with respect to acid-catalyzed hydrolysis. Direct carbon-carbon 
bonding is preferred in a fuel-cell electrode compared with bonding schemes involving 
heteroatoms, for example ester and amide bonds, because the latter are more likely to be 
subject to redox and/or acid-promoted bond scission, e.g. acid-catalyzed hydrolysis.  
Also, functional groups containing certain heteroatoms can adsorb to electrocatalysts in 
ways that can diminish catalytic activity. 
Several recent reports describe the attachment of a variety of substituted phenyl groups 
onto carbon electrodes by electroreduction of suitably substituted aryl diazonium salts.9-20 
The grafting mechanism is thought to involve electroreduction of the aryl diazonium 
group followed by rapid loss of dinitrogen to generate a phenyl radical which 
immediately attacks carbon to create a robust carbon-carbon bond for surface attachment. 
Variants of the aryl diazonium grafting method have recently been used to attach aryl 
sulfonic acid electrolytes to carbon and the resulting materials have been shown to be 
suitable for use in making fuel-cell electrodes,13, 21, 22 but attachment of fluorinated acid 
electrolytes, in monofunctional or polymeric form, has not to our knowledge been 
previously reported. Fluorinated proton-conducting electrolytes are by far the mostly 
widely used electrolytes in PEMFC technology, so methods for grafting them on to 
carbon in a robust manner could be important.  
  91
This chapter reports on the covalent attachment of a monofunctional aryl 
fluorosulfonimide electrolyte onto glassy carbon electrode surfaces via electroreduction 
of a fluorosulfonimide-substituted aryl diazonium zwitterion. Figure 5.1 illustrates the 
structures and the approach. Fluorosulfonimide electrolytes possess many attractive 
attributes for fuel-cell applications23-26 including very strong acidity when in acid form 
and excellent chemical and electrochemical inertness especially at high temperatures, 
e.g., fluorosulfonimide ionomers are stable to 400 oC in acid form. Fluorosulfonimide 
acid electrolytes are less susceptible than fluorosulfonic acid electrolytes to dehydration 
and oxidative degradation reactions which can affect protonic conductivity, which means 
that fuel cell electrodes prepared using fluorosulfonimide electrolytes in place of 
fluorosulfonates might possess greater durability and thereby provide longer service life. 
The fluorosulfonimide acid group also possesses two sites for functionalization, unlike 
fluorosulfonates which possess just one. This attribute provides much flexibility for 
designing new oligomeric/polymeric electrolytes that might have structures and 
properties quite different from those of conventional PFSA electrolytes, both in surface-
grafted electrolyte layers and also in bulk polyelectrolyte membranes. 
 
Figure 5.1 Reductive electrochemical grafting of an aryl fluorosulfonimide diazonium 
zwitterion onto glassy carbon to produce a robust bonded fluorosulfonimide electrolyte 
N2
+
SO2NSO2CF3
SO2NSO2CF3
+ e-
- N2
SO2NSO2CF3
.
- -
-
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5.2 Experimental 
5.2.1 Materials 
The aryl diazonium fluorosulfonimide zwitterion, which we will hereafter refer to by 
the abbreviation “+N2-Ar-SO2N¯SO2CF3” was synthesized from 4-
Chlorosulfonylnitrobenzene in excellent yield. Details on the synthesis of this compound 
are provided in reference.27 Acetonitrile solvent (99.9%, HPLC grade, Fisher), 
tetraethylammonium tetrafluoroborate (TEABF4, 99+%, Alfa Aesar) and 
tetrabutylammonium tetrafluoroborate (TEABF4, 99+%, Alfa Aesar) electrolyte, 
potassium hexacyanoferrate (K3Fe(CN)6, 100%, J. T. Baker), hexamineruthenium 
trichloride (Ru(NH3)6Cl3, Aldich,) and other chemical reagents were of reagent grade or 
better and were used as received from the suppliers. De-ionized (DI) water was purified 
using a Milli-Q system to a conductivity of approximately 5.5 x 10-6 S m-1 prior to use. 
5.2.2 Instrumentation 
Electrochemical measurements were made using a CH Instruments model 660A 
electrochemical workstation with picoamp booster and Faraday cage. X-ray 
photoelectron spectra were acquired using a Kratos Axis 165 system with an aluminum 
Kα source run at 15 KV and 15 mA, and a hemispherical analyzer run with a pass energy 
of 80 eV on survey scans and 20 eV on high resolution scans. Spectra were acquired with 
the X-ray beam and electron collection optics oriented normal to the surface.   
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5.2.3 Electrodes and electrochemical measurements 
Glassy carbon disk electrodes sealed in PEEK were obtained from commercial 
suppliers. They had a diameter of 3 mm corresponding to a geometric exposed area of 
0.071 cm2. Glassy carbon plate electrodes were originally obtained from Atomergic 
(grade v-10) as 25 x 25 x 3 mm plates that were subsequently cut into nine squares, each 
of which was approximately 8 mm on a side. Plate electrodes were prepared for use in 
electrochemical experiments by temporarily attaching them to the end of a graphite rod 
using a paste made from graphite powder and beeswax.28 All glassy carbon electrodes 
were cleaned prior to use by polishing on polishing cloth by hand with 1.0, 0.3, and 0.05 
micron polishing alumina suspensions (Buehler) in water for 10 min each. After 
polishing, electrodes were ultrasonically cleaned three times in DI water after which they 
were rinsed with DI water and blown dry with nitrogen gas. Glassy carbon plate 
electrodes were partially immersed in solutions for electrochemical study. This 
arrangement allowed for convenient removal of electrodes from the rod for mounting on 
a UHV sample holder for XPS analysis following electrochemical experiments. 
In one instance, electrode coating was attempted using a non-electrochemical method. 
A polished carbon plate was immersed in 5 mL (2 mL H2O + 3 mL CH3CN) of a  
1.0E10-3 mol L-1 solution of +N2-Ar-SO2N¯SO2CF3. The vessel containing the solution 
with the carbon plate in it was immersed in warm water (approximately 30 oC) and 
shaken for three hours on a mechanical shaker, then the carbon plate was removed from 
the solution, sonicated in DI water 3 times (3 min, 3 min, 2 min), and mounted for XPS 
analysis.  
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Electrochemical experiments were carried out in a three-electrode cell with 
Ag/AgCl/sat’d KCl as reference electrode and Pt wire as counter electrode. Coating 
experiments were carried out in acetonitrile solutions containing approximately milli-
molar diazonium salt and 0.1 mol L-1 tetra-alkylammonium salt as supporting electrolyte. 
Details for individual experiments are provided in the figure captions or the text. After 
coating, electrodes were rinsed with water and acetonitrile and sonicated in DI water 
prior to use in subsequent experiments. In some cases additional treatments were applied; 
these are described in the text as appropriate. Electrochemical characterization 
experiments involving blocking of redox reactions for redox probe molecules were 
performed in aqueous solutions containing approximately millimolar quantities of redox 
probe and 0.1 mol L-1 of a pH 7 buffer prepared from sodium phosphate salts. 
5.3 Results and Discussion 
Figure 5.2 presents a series of cyclic voltammograms acquired at a glassy carbon disk 
electrode in an acetonitrile solution containing 1.5 mmol L-1 of +N2-Ar-SO2N¯SO2CF3 
and 0.1 mol L-1 TBABF4. The voltammetry shows a chemically irreversible reduction 
peak that diminishes in size and shifts negative with continued scanning. This behavior is 
consistent with gradual formation of a barrier layer on the electrode that partially 
suppresses further diazonium reduction. Similar behavior has been widely reported for 
electroreduction of other aromatic diazonium salts on carbon and other electrodes. 
  
Figure 5.2 Series of sequential cyclic voltammograms (100 mV
polished glassy carbon disk electrode in a 1.5 
SO2CF3 in acetonitrile containing 0.1 
Ag/AgCl/sat’d KCl. Coating was accomplished by fifteen sequential scans between +0.3 
It is hypothesized that the voltammetry in 
aryl fluorosulfonimide film on the electrode by a process sim
Figure 5.1. Much of the remainder of this 
confirm this hypothesis. One way to test the electrostatic character of the surface of a 
modified electrode is to examine the electrode reac
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has a net charge which is the same as that on the electrode surface, then 
oxidation/reduction of that probe molecule will be su
probe and the electrode surface have the 
probe molecule will be facilitated, or at least, unaffected. This approach is commonly 
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Figure 5.3 Cyclic voltammetry illustrating the ef
layer on hexacyanoferrate oxidation/reduction. Solution contains 1 
in 0.1 mol L-1 of sodium phosphate buffer, pH 7 in water. Potentials are applied vs. 
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aryl fluorosulfonimide using the procedure illustrated in 
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Fe(CN)6
3- redox shows a peak splitting at bare carbon that is somewhat larger than 60 
mV, indicating quasi-reversible redox behavior. This is not unexpected since it is well 
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3
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Figure 5.5 presents the results of a related experiment that also addresses the 
electrostatic character of electrodes treated as in Figure 5.2. In this case, following 
electroreductive treatment with a solution of +N2-Ar-SO2N¯SO2CF3, the electrode was 
exposed for 5 min to a 5 mmol L-1 aqueous solution of hexamineruthenium trichloride. 
The purpose of this treatment is to irreversibly bind Ru(NH3)6
3+ trications at the electrode 
surface by ion exchange. Following this treatment, cyclic voltammetry in a 5 mmol L-1 
phosphate buffer (chosen to have a lower ionic strength than the buffers used to acquire 
the data in Figure 5.3 and Figure 5.4) reveals a persistent feature at a potential expected 
for Ru(NH3)6
3+ redox. The shape of this wave (equal charges on oxidative and reductive 
scans, peak splitting near zero) is consistent with a surface-confined redox event. Control 
experiments with freshly polished glassy carbon electrodes not subjected to treatment 
with +N2-Ar-SO2N¯SO2CF3 never show any feature for Ru(NH3)6
3+ redox. The integrated 
charge under the redox waves in Figure 5.5 is approximately 1.7 microcoulombs which 
after accounting for the charge on Ru(NH3)6
3+ and the electrode area corresponds to a 
molar density of surface negative charge of approximately 7.4E10-10 mole cm-2. Removal 
of the electrode from the buffer solution followed by a 10 min exposure to an aqueous 1.0 
mol L-1 NaCl solution, followed by a repeated voltammetric analysis in dilute phosphate 
buffer, results in loss of the voltammetric feature for Ru(NH3)6
3+ redox. 
The behavior illustrated in Figure 5.5 is strongly consistent with the presence of a 
surface film on the electrode having a high negative charge density following 
electroreductive treatment with +N2-Ar-SO2N¯SO2CF3.  The amount of surface negative 
charge is in the range expected for a monolayer and is inconsistent with the presence of a 
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thick polymer layer. It is difficult to say anything more definitive about the surface 
coverage due to uncertainties regarding the exact amount of charge on the surface (e.g. is 
it appropriate to use 3+ or 2+ for the charge on the redox probe, is the ion-exchange 
process proceeding to completion, and are there other cations present in the film?). As be 
shown later, it is believed that some residual tetra-alkylammonium cations do remain 
trapped in the films, so the molar surface coverage given above should be considered as a 
lower limit of the true fluorosulfonimide surface coverage. 
 
Figure 5.6 Low-resolution X-ray photoelectron spectrum in survey scan mode for a 
glassy carbon plate electrode coated with an aryl fluorosulfonimide layer as described in 
the text, with subsequent soaking in a 1.0 mol L-1 aqueous KCl solution prior to analysis. 
Photoelectron emission peaks are observed at binding energies characteristic of C, F, O, 
S, N and K. Control experiments using electrodes that have not been coated with the aryl 
fluorosulfonimide layer show peaks for only C and O (data not shown) 
X-ray photoelectron spectroscopy (XPS) was also used to characterize the surface 
layers that form on glassy carbon following treatment similar to that illustrated in Figure 
5.2. The electrodes used for these experiments were glassy carbon plates to facilitate 
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subsequent mounting of the electrodes in the sample chamber for XPS analysis. Figure 
5.6 presents a survey spectrum that was obtained for a glassy carbon plate electrode that 
was treated as described in Figure 5.2 using 20 sequential reductive scans, followed by 
aggressive rinsing with acetonitrile and sonication in acetonitrile then DI water. 
Following this treatment the electrode was soaked in an aqueous 1.0 mol L-1 KCl in an 
attempt to provide potassium counterions for the surface fluorosulfonimide sites. The 
survey spectrum reveals that carbon, oxygen, fluorine, nitrogen, sulfur and potassium are 
all clearly present on the surface of the coated electrode. All of these elements except 
carbon and oxygen are absent in a spectrum of a carbon plate electrode that had been 
identically treated except not subjected to the diazonium reduction treatment. Extended 
and aggressive rinsing of the coated electrode by water and acetonitrile had no effect on 
the XPS response. These data provide complementary evidence to that in Figure 5.3, 
Figure 5.4 and Figure 5.5 for electroreductive grafting of an aryl fluorosulfonimide 
electrolyte onto carbon to create a bonded layer that is very robust. 
The binding energies and assignments of the principal peaks in Figure 5.6 are as 
follows: 168 eV (S 2p); 285 eV (C 1s); 293 eV (K 2p); 399 eV (N 1s); 532 eV (O 1s); 
and 688 eV (F 1s). The binding energies are fully consistent with the presence of an aryl 
fluorosulfonimide layer on the surface.30 Especially, the sulfur binding energy is 
consistent with high-valent sulfur and the nitrogen binding energy is consistent with an 
imide nitrogen. The presence of a signal for potassium provides evidence for electrostatic 
capture of cations that is complementary to and fully consistent with the evidence 
presented in Figure 5.5 for electrostatic capture of Ru(NH3)6
3+ trications. 
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Close examination of the high-resolution spectra for selected elements provides further 
insight. For example, Figure 5.7 presents a high-resolution spectrum for the C 1s region 
for an electrode that had been coated as described above for Figure 5.6, but had not been 
treated with KCl prior to analysis. Hence, this spectrum lacks the K 2p features near 293 
eV. Even so, the spectrum still shows a single small peak near 292 eV. The binding 
energy of this peak is that expected for the trifluoromethyl group in the 
bis(trifluoromethyl)sulfonimide anion.30 The presence of a peak at this position in Figure 
5.7 is consistent with the structure given in Figure 5.1. 
 
Figure 5.7 High-resolution X-ray photoelectron spectra of the carbon 1s region for an 
electrode coated using a procedure similar to that used to prepare the electrode from 
Figure 5.6, except that the KCl treatment step was omitted. The small photoelectron 
emission peak at 292 eV is indicative of carbon bonded to three fluorines 
Figure 5.8 presents a high-resolution spectrum for the N 1s region of the same 
electrode used to generate the data in Figure 5.6. Two peaks are clearly evident in this 
spectrum, one at a binding energy near 399 eV and another at a binding energy near 402 
eV. It is believed that the latter peak reflects the presence of tetrabutylammonium ions in 
Carbon 1s  
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the film that were not removed by treatment with aqueous KCl. Prior work has shown 
that positively-charged nitrogen from quaternary ammonium salts (and also imidazolium 
salts) exhibit binding energies that are shift to higher values relative to nitrogen that is not 
cationic.30, 31 It is significant that the intensity of the higher binding energy peak for 
quaternary nitrogen is smaller than that of the lower binding energy peak for imide 
nitrogen. This observation is consistent with the fact that some of the 
tetrabutylammonium ions have been replaced by potassium. From the relative intensities 
of the two peaks we estimate that there are approximately one-third as many quaternary 
ammomium nitrogens present as there are imine nitrogens. it is postulated that “missing” 
quaternary ammonium ions were replaced by potassium during the KCl treatment. 
  
Figure 5.8 High-resolution X-ray photoelectron spectrum of the electrode from Figure 5.6 
showing the regions near the N 1s photoelectron emission energies. The photoelectron 
emission peak near 399 eV indicative of the imide nitrogen, and the peak near 402 eV is 
indicative of quaternary ammonium nitrogen 
Nitrogen 1s  
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Tables 5.1 and 5.2 present a compositional analysis of the surfaces of several glassy 
carbon plate electrodes that had been subjected to various treatments prior to XPS 
analysis. Surface composition is described in terms of atom percent compositions that 
were obtained from XPS peak integrations normalized using relative sensitivity factors, 
transmission functions, and electron escape depth corrections as provided with the 
instrument software. The principal peaks were fit manually to a Gaussian function; in 
cases where the peaks were not obviously Gaussian, up to three Gaussian functions were 
used and their individual integrated intensities summed to give the total for a given peak. 
Note that the elemental compositions were normalized to force them to sum to 100 
percent to remove contributions from fitting of noise peaks. Note also that the tables 
include two entries for the N 1s signal for those samples which exhibited two peaks in the 
high resolution spectra. The peaks correspond to imide and quaternary ammonium 
nitrogens, as discussed above. 
Some important points regarding the fluorosulfonimide films may be gleaned from the 
data in Tables 5.1 and 5.2. First, the carbon signal is quite high for all samples relative to 
the signal expected if the only source of C 1s photoelectron emission was the film. The 
fact that the carbon signal remains high after coating suggests that the coating is thin 
enough that photoelectron escape from the carbon substrate is not fully inhibited. 
Photoelectron escape depths vary with energy and material but are expected to be on the 
order of a few nanometers for C 1s photoelectrons, so these data are consistent with a 
relatively thin film and inconsistent with the presence of a very thick polymer film. 
Second, a control experiment on an uncoated electrode shows only carbon and oxygen, 
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with no nitrogen, sulfur or fluorine or potassium following brief exposure to a KCl 
solution. Thus, these elements are present only when electrodes have been intentionally 
subjected to an appropriate coating treatment, and there are no anionic sites present prior 
to coating that is capable of capturing potassium cations. Third, in some samples 
(including the uncoated carbon sample), small signals for silicon were observed. We 
believe that these signals reflect the presence of small silica particles that had become 
attached to the sample surfaces during handling. They are unlikely to reflect the presence  
of any special silicon containing components in the films themselves. Fourth, calculated 
values of several key elemental ratios involving fluorine, sulfur, and imide nitrogen 
(Table 5.2) are in general agreement (within approximately 30% for samples for which 
high-resolution spectra were available) with values expected from the elemental 
composition of the fluorosulfonimide-containing structure illustrated in Figure 5.1 (i.e., 
expected values from Figure 5.1 are F/S)1.5, F/N(imide))3.0, and S/N(imide)/S)2.0). The 
agreement is good but not excellent; this fact may reflect imprecision in the peak 
integrations, and/or possibly some contribution from layering of different elements in the 
coatings (e.g., some elements might be on average buried deeper than others such that 
their signals are slightly attenuated). In some cases, the atom percents were obtained from 
survey spectra since high-resolution spectra were not available for all samples. This fact 
also contributes some error to the elemental compositions reported in the Tables. 
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Table 5.1 Elemental composition of the surface of glassy carbon plate electrodes 
subjected to various surface treatments 
 XPS, atom percent composition 
Treatment C 1s O 1s N 1s 
(quat) 
N 1s 
(imide) 
F 1s S 2p K 2p Si 2p 
Bare carbon, no fluorosulfonimide 
coating, KCl treated 
91.1 7.8      1.1 
Fluorosulfonimide-coated carbon, 
KCl treated 
73.4 14.6 0.6 1.4 6.2 3.2 0.6  
Fluorosulfonimide-coated carbon, 
not KCl treated 
75.3 14.0 0.6 1.2 4.4 2.3  2.2 
Fluorosulfonimide-coated carbon, 
heat treated 8h with 50 % aqueous 
triflic acid 
74.2 14.9 0.4 1.2 6.6 2.7   
Fluorosulfonimide-coated carbon, 
then dry heat treated, 120 Ca 
78.7 11.6  2.0 5.5 2.2   
Fluorosulfonimide-coated carbon, 
then heat treated in neat triflic acid  
71.7 17.9  1.8 5.8 2.8   
Fluorosulfonimide-coated carbon, 
treated by multiple oxidative 
voltammetric scans to +1.5 V vs 
reference  
85.0 15.0       
Fluorosulfonimide-coated carbon, 
chemically coated 
89.0 7.3  2.1 0.6 0.6  0.4 
a The electrolyte used for coating these samples was 0.1 M TEABF4. Peak areas for these 
samples were obtained from low-resolution survey scans. Nitrogen signals for these samples are 
for all nitrogen not just imide nitrogen 
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Table 5.2 Elemental ratios for surface of glassy carbon plate electrodes subjected to 
various surface treatments 
Treatment F/S F/imide N  S/imide N  
Fluorosulfonimide-coated 
carbon, KCl treated  
1.9 4.4 2.3 
Fluorosulfonimide-coated 
carbon, not KCl treated 
1.9 3.7 1.9 
Fluorosulfonimide-coated 
carbon, heat treated 8h with 50 % 
aqueous triflic acid 
2.4 5.5 2.3 
Fluorosulfonimide-coated 
carbon, TEABF4 electrolyte then 
dry heat treated 8h, 120 Ca 
2.5 2.8 1.1 
Fluorosulfonimide-coated 
carbon,  then heat treated 8h in 
neat triflic acid.a 
2.1 3.2 1.6 
Fluorosulfonimide-coated 
carbon, chemically coateda 
1.0 0.29 0.29 
a The electrolyte used for coating these samples was 0.1 M TEABF4. Peak areas for these 
samples were obtained from low-resolution survey scans. Nitrogen signals for these samples are 
for all nitrogen not just imide nitrogen 
Several entries in Tables 5.1 and 5.2 refer to samples which had been subjected to some 
type of aggressive chemical or electrochemical treatment prior to XPS analysis. These 
experiments were performed to learn about the robustness of the grafted films when 
subjected to conditions that approximate, in a general way, conditions that might be 
expected inside an operating PEM fuel cell. The general trend is that treatment with hot 
trifluoromethanesulfonic acid (both neat and as a 50% w/w solution in water) or with dry 
heat (120 ºC) in an oven followed by extensive rinsing with DI water did not result in any 
substantial diminution of F, S, or N signal in the photoelectron spectra. The element 
ratios in Table 5.2 are different from the values obtained for electrodes that had not been 
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subjected to heat treatments, however the differences are within the error expected for 
values obtained from the low-resolution survey spectra that were acquired for the treated 
samples. Of particular interest is a sample that was subjected to a series of cyclic 
voltammetric scans to very oxidizing potentials. This particular film was subjected to CV 
treatment in two steps. The first step consisted of 15 sequential scans from -0.4 V to+1.4 
V vs Ag/AgCl/KCl(sat’d) in a solution containing 0.1 mol L-1 KCl, 0.1 mol L-1 phosphate 
buffer (pH 7), and approximately 1 mmol L-1 potassium ferricyanide. The second step 
consisted of 20 more scans, this time to a positive limit of +1.5 V in the same solution. 
XPS analysis following this treatment reveals that the fluorosulfonimide coating was 
gone. Subsequent characterization of this electrode by the redox probe molecule method 
of Figures 5.3 and 5.4 reveals that the electrode is no longer capable of blocking 
oxidation/reduction of hexacyanoferrate following the electrooxidative treatment. These 
findings, which are consistent with a prior report from D’Amours and Belanger18 on a 
related system, suggest that carbon corrosion in a PEM fuel cell could cleave the bond 
that holds a grafted electrolyte onto a carbon electrode. If this were to happen, it could be 
a contributing factor to age-related performance loss in the fuel cell. 
Finally, we note the last entries in Tables 5.1 and 5.2 which correspond to a glassy 
carbon plate electrode that had been immersed in a warm solution of  
+N2-Ar-SO2N-SO2CF3 and then shaken for 3 h with no electrochemical treatment. This 
approach to coating was tried because there is evidence from published reports that aryl 
diazonium modification of carbon surfaces can be accomplished thermally, without 
applying reducing potentials.13, 14, 32 Signals for S, F, and N are all present on the 
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resulting surface but are smaller than for the electrodes coated by reductive CV cycling, 
especially for S and F. Compositional analysis reveals some unexpected results for 
element ratios (Table 5.2); however, this finding may simply reflect the poor precision on 
the elemental determinations due to the low surface coverage. These data suggest that 
fluorosulfonimide coatings can be formed on glassy carbon by nonelectrochemical 
methods; however, further study, perhaps using different conditions to provide larger 
amounts of material on the carbon surface, will be required to say anything more 
definitive about the structure of films formed by this nonelectrochemical method. 
5.4 Conclusion 
The results described herein represent to our knowledge the first example of attachment 
of a fluorinated acid electrolyte onto a carbon surface via a covalent chemical bond that is 
sufficiently robust to withstand the aggressive conditions (high temperature, strong 
acidity, low humidity) expected inside an operating fuel cell. Further work addressing 
aryl sulfonimide electrolyte grafting by chemical method to mesoporous carbons will be 
introduced in Chapter 6. 
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6CHAPTER 6 
CHEMICAL GRAFTING OF AN ARYL FLUOROSULFONIMIDE 
ELECTROLYTE ONTO CARBON XEROGEL AND CARBON BLACK 
6.1 Introduction 
Three-phase zones where the gas, electron and proton are in intimate contact are 
essential for polymer-electrolyte-membrane fuel cell (PEMFC) electrodes to achieve high 
activity and long life operation in application.1, 2 A commonly used method for making 
PEMFC electrodes involves simple mixing of a carbon-supported platinum 
electrocatalyst with a polymeric protonic conductor such as Nafion® to form an ink from 
which thin-film electrodes are formed by solvent casting.3, 4 The binding between 
electrodes and electrolyte in such electrodes is relatively weak and catalyst utilization can 
be low (about 45%).1 Improvements are needed to ensure a more robust and long-lived 
contact of electrolyte with catalyst and higher catalyst utilization. 
One way to achieve intimate integration of electrolyte with electrode is to attach the 
electrolyte to the electrode via a robust covalent surface bond. Several workers have 
prepared carbon supports or carbon supported catalysts onto which are attached various 
molecular organic acid groups. For example, Qi and co-workers reported on the use of 2-
aminoethanesulfonic acid,5 2-aminoethylphosphonic acid,6 a sulfonated silane7 and a 
sulfate salt8 for modifying carbon or catalyst-supported carbon. Modest improvements in 
fuel-cell performance with a diminished addition of fluoropolymer electrolyte (e.g. 
Nafion) in the electrode were demonstrated. A drawback to these approaches is that they 
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utilize surface bonds that are potentially unstable with respect to acid-catalyzed 
hydrolysis. Direct carbon-carbon bonding is preferred in a fuel-cell electrode for better 
performance. 
Chapter 5 reported a technique for electrochemically grafting a perfluorosulfonimide 
(SI) superacid onto glassy carbon electrodes.9 A robust layer of sulfonimide acid was 
confirmed by XPS and electrochemical probes; however, electrochemical grafting of 
electrolyte onto powdery, high-surface-area carbon supports is not practical for a real fuel 
cell application; and even for monolithic samples (e.g. carbon aerogel/xerogel monolith), 
the scale-up of electrochemical grafting is problematic. 
This chapter presents the continued work on the covalent attachment of monofunctional 
aryl fluorosulfonimide acid electrolytes onto high-surface-area carbon black (CB) and 
carbon xerogel (CX) supports via chemical grafting of a parent diazonium zwitterion 
without the help of electrochemical reduction. Figure 6.1 schematically illustrates the 
approach. Recently, there is more interest on chemical grafting of different organic 
functional groups (such as nitrophenyl) onto carbon black10, ordered mesoporous 
carbon11, 12, graphite powder13, carbon nanotube14, and diamond15, even metallic 
substrates16 via diazonium chemistry by either spontaneous reduction10, 11, 14-16 or using 
reducing agent.10, 13, 17 Even the mechanism of chemical grafting via diazonium chemistry 
was investigated.10  
Carbon blacks (such as Vulcan XC-72/72R from Cabot) are the most commonly used 
catalyst support in PEMFC applications. Carbon xerogels are also promising electrode 
materials due to their high electrical conductivity, high surface area and skeletonized self-
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supporting nanoporous structure. Several researchers have already used carbon xerogels 
in the study of fuel cell electrodes.18-21 Fluorosulfonimide electrolytes also possess many 
attractive attributes for fuel-cell applications22-25 including very strong acidity when in 
acid form and excellent chemical and electrochemical stability especially at high 
temperatures. Fuel cell electrodes prepared using fluorosulfonimide–grafted carbon black 
or carbon xerogel as catalysts supports might possess better performance and greater 
durability than existing materials, thereby providing longer service life. The 
fluorosulfonimide acid group also possesses two sites for functionalization, different 
from fluorosulfonates which possess just one. This attribute provides much flexibility for 
designing new oligomeric/polymeric electrolytes that might have structures and 
properties quite different from those of conventional perfluorosulfonic acid electrolytes, 
both in surface-grafted electrolyte layers and also in bulk polymer electrolyte membranes. 
By integration of the particular fluorosulfonimide electrolyte as described above onto the 
most commonly used CB and CX supports, and by using these materials to fabricate 
PEMFC electrodes, a better cell performance is expected. Somewhat surprisingly, the 
single-cell testing results for MEAs made from platinum supported on SI-grafted CX 
samples did not verified this expectations. Some possible reasons for this lower cell 
performance are discussed. 
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Figure 6.1 Schematic grafting of fluorosulfonimide superacid onto carbon xerogel or 
carbon black 
6.2 Experimental 
6.2.1 Materials 
The aryl fluorosulfonimide diazonium salt (+N2C6H4SO2N
-SO2CF3) was prepared as 
described previously.9 Carbon black Vulcan XC-72 (CB, Cabot, free sample), resorcinol 
(98%, Aldrich), formaldehyde (37 wt%, ACS Reagent, Aldrich), and acetonitrile (extra 
dry, Acros Organics), were used as received from the suppliers. De-ionized (DI) water 
was purified using a Milli-Q system to a resistivity no less than 18.2 MΩ cm prior to use. 
6.2.2 Synthesis of carbon xerogel 
The resorcinol(R)-formaldehyde (F) sol-gel method using sodium carbonate as catalyst 
(C) with ambient-pressure drying as described in literature26, 27 was modified to 
synthesize the CX samples used for chemical grafting experiments. In brief, resorcinol, 
formaldehyde, water, and catalyst sodium carbonate were mixed then gelled/cured to 
produce a hydrogel which was dried directly in air to produce a RF gel which was 
N2
SO2NSO2CF3
SO2NSO2CF3 SO2NSO2CF3
- N2
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subsequently carbonized in N2 atmosphere to obtain a carbon xerogel. Further details on 
the CX synthesis are given in reference.28 
6.2.3 Chemical grafting of aryl fluorosulfonimide onto carbon black and carbon 
xerogel  
Carbon black Vulcan XC-72 is in small bead form and was used for grafting as 
received. The CX sample prepared as described above was first ground to a fine powder 
by mortar and pestle prior to use in grafting experiments. The CB or fine CX powder 
sample (about 0.5 g) was suspended in 10-15 mL of a +N2C6H4SO2N
-SO2CF3 diazonium 
salt solution in acetonitrile (approx. 1.5-2.0 w/v%) and the mixture was kept stirring 
overnight at room temperature.  Following this treatment the grafted CB or CX powder 
was collected by filtration with 0.2 µm Nylon filter, washed with acetonitrile and DI 
water several times, then Soxhlet extracted with acetonitrile/THF overnight and dried in a 
vacuum oven overnight under dynamic vacuum at 120 °C.  
6.2.4 Deposition of Pt catalyst onto sulfonimide-grafted carbon xerogel 
SI-grafted (SI-CX) powder samples (about 0.1 g) were sonicated in 30 mL DI water for 
15 min. Then, a diluted H2PtCl6 (Acros Organics, 40% Pt) solution was added to the SI-
grafted CX powder suspension and the resulting suspension was sonicated for another 30 
min. The mass of platinum in the H2PtCl6 salt added to the CX suspension was sufficient 
to correspond to 20 wt% of platinum metal in the final material, should all the Pt be 
deposited onto the carbon support. After sonication, the pH of the mixture was adjusted 
to 11 using a 4 mol L-1 NaOH solution and an excess amount (10x) of formaldehyde was 
diluted in DI water (2 mL) and added drop by drop into the grafted carbon suspension 
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under stirring. The mixture was kept stirring for another 15 min at room temperature, 
then the reaction temperature was raised to 90 ºC and kept at 90 ºC for 2 h under stirring. 
Then the reaction mixture was cooled to room temperature and diluted HCl (2 mol L-1) 
was added to promote Pt catalyst precipitation onto the carbon supports. The Pt-deposited 
SI-grafted CX powder (Pt/SI-CX) was then collected by filtration, thoroughly washed 
with DI water, and dried at 100 °C under vacuum. As a comparison, Pt catalyst was also 
deposited onto CX samples without any grafted electrolyte (SBET, 462 m
2g-1, peak pore 
diameter around 14 nm, detailed characterization is given in reference 28) following the 
same procedures as described above (denoted as Pt/CX). For all Pt/CX samples subjected 
to further analysis, the final Pt content was approximately 20% weight percent (samples 
with Pt content outside the range between 18 and 22 percent were not used) as measured 
by thermogravimetric analysis (TGA) under O2 atmosphere. 
6.2.5 Materials characterization 
The CB and synthesized CX samples were characterized by the N2 sorption method at 
77K using a Micrometrics model ASAP 2010 apparatus. The specific surface area (SBET) 
of the CB and CX samples was extracted from the Brunauer-Emmett-Teller (BET) model 
and the mesopore (mesoporous volume Vmeso, mesoporous surface area Smeso) and 
micropore (microporous volume Vmicro, microporous surface area Smicro) properties were 
extracted from the t-plot method and the Barrett-Joyner-Halenda (BJH) model was used 
to evaluate the pore size and its distribution. The total pore volume (Vtotal) was recorded 
at P/P0 near to 1. The CB and CX samples were degassed at 200 ºC for one day before 
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measurement. TGA analysis for sulfonimide-grafted CX samples was performed using a 
Mettler Toledo TGA 851 thermal analyzer under N2 atmosphere. 
The acid content (also called herein the ion exchange capacity, IEC) of the 
sulfonimide-grafted carbon powder (CB and CX) samples was measured using an acid-
base back-titration method. Before titration, the grafted samples were converted to acid 
form using diluted HCl and dried under vacuum and heat. For SI-grafted carbon black 
samples, a known amount of grafted carbon black sample (about 0.2 g) was placed in 
5.00 mL of a 1.115E10-2 mol L-1 standardized NaOH solution, and the resulting solution 
was sealed and kept stirring overnight in a glass bottle. The suspension was then 
centrifuged, and after centrifugation, 3.00 mL of the top clear solution was taken out and 
titrated with a 7.956E10-3 mol L-1 standard HCl solution. A pH meter (Acumet AB 15, 
Fisher) was used to record the pH change during the titration to identify the end point. 
For sulfonimide-grafted CX samples, a similar procedure was followed except that the 
SI/CX sample was removed from the standard base solution by filtration prior to titrating 
the remaining base. The sulfonimide-grafted CX sample was also characterized by EDX 
(Energy dispersive X-ray spectroscopy) attached to scanning electronic microscope 
(SEM). In this measurement the grafted CX sample was mounted inside the SEM on a 
conductive adhesive tape for EDX analysis. The Pt/SI-CX samples were characterized in 
comparison with uncoated CX-supported Pt (Pt/CX) by XRD with a Scintag XDS2000 
powder X-ray diffractometer using Cu Kα radiation of wavelength 0.1540 nm, and by 
TEM with a Hitachi H7600T transmission electron microscope. The electrochemically 
active surface area (ESA) of the Pt/SI-CX was measured with ex-situ cyclic voltammetry 
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(CV) and CO stripping voltammetry using a CH Instruments model 660A 
electrochemical workstation with picoamp booster and Faraday cage with a standard 
three-electrode cell. A home-made Hg/Hg2SO4 (0.1 mol L
-1 H2SO4) electrode and a Pt 
wire served as reference and counter electrodes respectively. The working electrode was 
a thin-film-coated glassy carbon (GC) plate electrode made by attaching a graphite rod 
with graphite adhesive to the back of a square GC plate (5 mm each side, geometric 
surface area 0.025 cm2). The thin film on the GC was made from an ink mixture of the 
catalyst of Pt/SI-CX, solubilized Nafion and isopropanol. Further details on formulating 
the ink and coating a thin film on the GC are provided in reference.28 ESA values of 
Pt/CX samples without grafted SI layers were measured in a similar way for comparison. 
Membrane electrode assemblies (MEAs) were fabricated from the ink of Pt/SI-CX or 
Pt/CX catalyst by the thin-film method using Nafion 117 membranes. A detailed 
description of the MEA fabrication method is provided in reference.28 The active 
electrode area is 5 cm2, and the Pt loading on both anode and cathode is about 0.25 mg 
Pt/cm2. The single-cell testing of MEAs was performed on a model 850C test station 
from Scribner Associates Company. Cells were broken in at a cell voltage of 0.5 V 
overnight before polarization curve measurement. 
The in-situ CV measurements were performed in the MEAs in the fuel-cell test 
fixture29 operating in a two-electrode configuration in which the anode served as both 
pseudo-reference and counter electrodes, and the cathode served as the working 
electrode. Details are provided in reference.28 
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6.3 Results and Discussion 
6.3.1 Carbon support characterization 
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Figure 6.2 N2 adsorptoion/desportion isotherm and pore size distribution (inset) of carbon 
xerogel 
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Figure 6.3 N2 adsorptoion/desportion isotherm and pore size distribution (inset) of carbon 
black 
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The method in references26, 27 was followed to synthesize the CX samples used in this 
work to study chemical grafting of fluorosulfonimide electrolytes onto carbon. The N2 
adsorption/desorption isotherm and pore size distribution of the resulting CX samples are 
presented in Figure 6.2. According to IUPAC definition, the isotherm is a type IV 
isotherm with H2 hysteresis loop which indicates the presence of mesopores.30 From the 
inset in Figure 6.2, the carbon xerogel has a sharp pore distribution from 3 to 20 nm with 
peak width of 8 nm in the mesopore range. The CB sample was also subjected to the N2 
physisorption analysis, and the isotherm and pore size distribution of CB sample are 
shown in Figure 6.3. The CB N2 adsorption/desorption isotherm also has the hysteresis 
loop which indicates that mesopores exist in the CB sample, however the shape and 
position of the hysteresis loop are very different from that for the CX sample. The BJH 
pore size/volume analysis for the CB sample shows a very broad pore size distribution 
spanning a range from 2 to about 300 nm meter which is the maximum size that can be 
probed by this method. This behavior likely reflects the agglomerate nature of the CB 
samples. Other textural properties for CX and CB samples from the N2 gas adsorption 
analysis are listed in Table 6.1. From the data in Table 6.1 we can see that the BET 
surface area for the CX sample is larger but the mesopore volume of CX is lower than 
that of CB, and accordingly the micropore volume from the CX sample is larger, while 
the micropore volume from CB is small but the microporous surface area is not small 
which may indicate the presence of some very small micropores inside the CB sample. 
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Table 6.1 Textural properties of carbon xerogel (CX) and carbon black XC-72(CB) 
Carbon SBET Smicro Smicro/ Vtotal Vmicro Vmeso Vmeso/ dBET dBJHads dBJHdes 
 m2g-1 m2g-1 SBET cm
3g-1 cm3g-1 cm3g-1 Vtotal nm nm nm 
CX 532 277 0.52 0.49 0.12 0.34 0.72 3.7 6.3 5.0 
CB 235 89 0.38 0.54 0.04 0.45 0.83 9.2 20.7 19.1 
SBET: BET surface area, Smicro:micropore surface area by t-plot, Vtotal:total pore volume at 
near saturation pressure, Vmeso:cumulative volume of pores between 1.7 and 300 nm by 
BJH adsorption branch, dBET, dBJHads, dBJHdes:average pore width by 4V/A 
6.3.2 Chemical grafting of fluorosulfonimide electrolytes onto carbon supports 
The CX and CB supports described above were subjected to a series of steps that 
sought to immobilize fluorosulfonimide electrolytes onto the supports via covalent 
chemical bonding of aryl fluorosulfonimide groups onto carbon. This approach is similar 
to the well-studied electrochemical approach for modifying carbon surfaces with 
substituted aryl groups via electrochemical reduction of aryl diazonium salts (or 
zwitterions) at carbon. Electroreduction of the aryl diazonium group is followed by rapid 
C-N bond cleavage to produce a phenyl radical which can covalently bind to carbon. 
Several recent papers have described work which indicates that under certain conditions, 
similar chemistry can occur on high-surface-area carbon supports that are simply 
suspended in a solution of the relevant aryl diazonium salt, without electrochemical 
potential control of the carbon. The results described below are for carbon samples that 
were modified using this approach, details of which are given in the experimental section. 
Table 6.2 presents elemental analysis results obtained by SEM/EDX analysis on two 
different CX samples. No S and F was detected in the uncoated CX sample, while S, F 
and N elements were found in the grafted CX sample. This finding strongly suggests that 
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the fluorosulfonimide grafting onto CX samples was successful. From the F element 
content in the SI-grafted sample (F element is specific to the grafted acid group), the 
sulfonimide acid group content on the sample was estimated to be 0.35 mmol g-1. This 
value is compared with values obtained by other means in Table 6.3, as discussed below. 
Table 6.2 Elemental analysis (EDX) of sulfonimide-grafted CX samples 
Sample C % O % N % S % F % 
Uncoated CX 88.16 11.84 0 0 0 
SI-Grafted CX 84.93 7.55 2.86 2.66 1.99 
a. Elemental analysis was also performed using XPS, for which data were acquired as 
described in ref 28. The elemental composition in the table was confirmed however there 
was much scatter in the data such that reliable quantification could not be performed. 
The sulfonimide-grafted samples were further characterized by acid-base back titration 
to determine the amount of titratable acid in the samples. Titration provides a direct 
measure of acid content for the bulk CX and CB samples whereas other methods provide 
elemental composition information that is often from a spatially localized region which 
may or may not be representative of the entire sample. Knowing how much grafted 
sulfonimide acid group is present within the support will help in planning fabrication of 
fuel cell electrodes using these materials. 
Acid-base back titration curves for the SI-grafted CX and CB powder samples using a 
standard HCl solution to titrate the remaining base following addition of acidified SI/CX 
or SI/CB samples to a known volume of standard NaOH solution are shown in Figures 
6.4 and 6.5 respectively. From the titration curves in Figure 6.4, the sulfonimide acid 
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content of the SI-grafted CX powder was calculated to be 0.18 mmol g-1. We note that the 
acid content from the carbon substrate alone, before SI grafting, was already subtracted to 
obtain this value. By combining this value for acid content with the specific surface area 
obtained from nitrogen physisorption analysis prior to fluorosulfonimide grafting, we 
estimate an equivalent sulfonimide acid surface coverage on carbon of 0.34E10-10  
mol cm-2. Similarly, from the curves shown in Figure 6.5, the sulfonimide acid content of 
the grafted CB powder is calculated to be 0.13 mmol g-1, which equates to a sulfonimide 
acid surface coverage on carbon of 0.55E10-10 mol cm-2. The difference between the 
titration curves without any carbon added to the standard base and those with uncoated 
carbons added prior to titration reflects the intrinsic acid content on the carbon support 
prior to fluorosulfonimide grafting. This acid amount also includes the systematic 
measurement error due to solution transfer, filtration, and the porous nature of the carbon 
substrates, etc. These data are summarized in Table 6.3. 
The surface coverage of sulfonimide acid groups on the CX and CB samples is between 
10 and 20 times lower than that (7.4 E10-10 mol cm-2) reported in our previous paper on 
flat glassy carbon (GC) electrodes which were modified using the electrochemical aryl 
diazonium reduction grafting technique. There are several possible reasons for the 
coverage difference between the two sample types. Two principal reasons are as follows: 
(1) The electrochemical grafting was performed by cyclic voltammetry over many cycles 
each of which forced sulfonimide diazonium salt reduction to occur very near to the GC 
substrate possibly leading to high surface coverage; and (2) the CX and CB substrates 
used for chemical grafting here has mesoporous and microporous structures which have 
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very small pore sizes, smaller than the molecular size of the fluorosulfonimide agent. In 
such a case, the growth (grafting) of the sulfonimide group inside the pores, especially 
the very small micropores, might be sterically restricted. On the flat, smooth surface of 
the GC substrate, no such steric restrictions would be present.  
It is instructive to compare our findings with those of others who have prepared acid-
grafted carbon supports using other acid groups and grafting techniques. Qi and 
coworkers reported a surface coverage of 2.0E10-10 mol cm-2 of grafted sulfonated silane 
groups7 (equivalent to 0.39 mmol g-1 Pt/C after conversion using data provided in the 
paper) on Pt-supported carbon black (XC-72). Elemental analysis was performed in this 
work via electron microprobe analysis. These same workers reported 0.23 mmol g-1 
grafted ethanesulfonic acid5 on Pt-supported carbon black (XC-72) using a TGA method 
to measure acid content. This estimate of acid content corresponds to a surface coverage 
of 1.2E10-10 mol cm-2 assuming a carbon surface area of 195 m2 g-1.7 Wang et.al.12 
reported a much higher surface loading of 1.93 mmol g-1 grafted sulfonic acid group per 
gram of an ordered mesoporous carbon CMK-5 (equivalent to surface coverage of 
1.3E10-10 mol cm-2 sulfonic acid on CMK-5 after conversion from the data provided by 
the authors). They used a potentiometric titration method to measure acid content. Our 
sulfonimide acid group surface coverages on the SI-grafted CX and CB samples are close 
to each other but lower than to these results reported by the Qi or Wang groups. For the 
grafting work in Qi’s group, the substrates for grafting were mostly carbon-supported Pt 
catalyst, for which the Pt catalyst on the carbon might promote acid group grafting 
leading to higher surface coverage. For the work reported by Wang, an additional 
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reducing agent hypophosphorous acid was used for reduction of the diazonium salt, 
which might help achieve a higher surface coverage. 
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Figure 6.4 Back titration curves of sulfonimide-grafted carbon CX (●), uncoated CX (●) 
and without CX (○) 
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Figure 6.5 Back titration curves of sulfonimide-grafted carbon black CB (■), uncoated 
CB (■) and without CB (□) 
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Table 6.3 Acid group content on the SI-grafted CX and CB samples determined by 
different methods 
Samples Acid content on carbon (mmol g-1) 
 Back titration EDX TGA 
Uncoated CX 0.05   
SI-grafted CX 0.23 0.35 0.14 
Uncoated CB 0.05   
SI-grafted CB 0.18   
It is also instructive to compare the acid contents given above for various electrolyte-
grafted carbon supports with that of a typical fuel cell electrode made by the thin-film 
fabrication method.4, 31 A commonly used electrode ink formulation includes 70% 
Pt/carbon and 30% ionomer, usually dispersed in a solvent to form an ink prior to 
electrode preparation. The sulfonic acid content (from the ionomer) in an electrode 
prepared in this way is approximately 0.45 mmol g-1 carbon. The acid content in our SI-
grafted CX or CB samples is lower than this so it does not meet the acid level needed for 
the fuel cell electrodes made by thin-film method. Therefore, if these grafted CX and CB 
samples were to be used to fabricate electrodes, it is likely that additional Nafion ionomer 
would need to be added to the electrode formulation to make electrodes useful for fuel 
cell applications, as in fact has been reported in the literature for some other acid-grafted 
carbon supports.5, 7, 8, 32, 33 Yet another reason for the need of additional ionomer in the 
electrodes is that is can serve as a binder necessary for holding together electrodes made 
by the thin-film method. 
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The sulfonimide-grafted CX powder samples were also subjected to a 
thermogravimetric analysis (TGA). Representative TGA curves are shown in Fig.6.6. The 
weight loss from sulfonimide-grafted CX at temperatures from 250 to 500 ºC is about 
3.8%, and is thought to reflect cleavage of the carbon-carbon bond binding the acid group 
onto carbon. In contrast, for an uncoated CX sample the weight loss over the same 
temperature range is almost negligible. From this mass loss a sulfonimide acid content of 
0.14 mmol g-1 carbon is estimated by assuming that the weight loss from 250 to 500 ºC is 
attributable solely to the grafted functional group having a molar mass of 288.25 g mol-1 
(see Table 6.3). This finding also indirectly confirms the successful grafting of 
sulfonimide electrolyte onto CX samples. 
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Figure 6.6 TGA curves of sulfonimide-grafted CX (●) and uncoated CX (○) samples 
6.3.3 Pt catalyst deposition and characterization 
 
The SI-grafted carbon samples described herein are being prepared in part for use as 
catalyst supports for PEM fuel cell applications. Therefore, it is instructive to prepare and 
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characterize Pt catalysts deposited onto SI-grafted CX samples (Pt/SI-CX). Platinum 
deposition was accomplished from hexachloroplatinic acid solution using formaldehyde 
as reducing agent, and platinum content for Pt/SI-CX samples was determined by TGA to 
be approximately 20 weight percent. The resulting materials were characterized with 
XRD TEM, and ex-situ CV. In addition, membrane-electrode assemblies (MEAs) were 
made from the Pt/SI-CX catalyst samples and were characterized by in-situ CV (i.e. CV 
in the MEA form), and by polarization curves in a fuel cell test station. We recently 
reported a similar study on Pt deposition onto CX supports without grafted electrolytes 
(ref 28), and that work provides background to the present work on SI-grafted CX 
supports. 
The XRD diffractograms for the samples of Pt/SI-CX and Pt/CX are shown in Figure 
6.7. The diffractogram shows features expected for Pt as labeled on the graph. From the 
line broadening, Pt nanoparticle sizes may be quantified using the Scherer equation 
(Equation 6.1) 34 using the Pt (220) line for calculation. 
 0.9(nm)
cos( )
d
B
λ
θ
=  (6.1) 
In this equation d is the Pt crystal size (diameter), λ is the X-ray wavelength (0.1540 
nm), B is the full width at half height for the diffraction peak in radians and θ is half of 
the diffraction angle. Particle size values obtained in this way for Pt/SI-CX and Pt/CX are 
given in Table 6.4. Pt particle diameters are higher for the Pt/SI-CX sample (5.6 nm) than 
the Pt/CX (4.5 nm). From the particle size obtained as described above, the Pt specific 
surface area may be calculated using Equation 6.2: 
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2 -1 6000(m  g )S
dρ
=  (6.2) 
In this equation d is the Pt particle diameter (nm), and ρ is the Pt density (21.4 g cm-3). 
Pt specific surface areas calculated in this way are listed in Table 4 for Pt/SI-CX and 
Pt/CX samples. As expected, specific surface areas are lower for the Pt/SI-CX sample 
which has the large Pt particles. 
 
Figure 6.7 XRD diffractrograms of Pt/SI-CX and Pt/CX 
Table 6.4 Pt nanoparticle size and specific surface area by different methods (XRD, 
TEM, ex-situ CV (H), ex-situ CV (CO) and in-situ CV (H) 
Sample dXRD SXRD dTEM STEM SH SCO Sin-situ 
 nm m2g-1 nm m2g-1 m2g-1 m2g-1 m2g-1 
Pt/SI-CX 5.6 50.1 5.2 53.9 23 19 15 
Pt/CX 4.5 62.3 3.3 85 67 63 55 
dXRD: particle size by XRD, dTEM: particle size by TEM, SXRD, STEM: the specific surface 
area calculated from the equation (2) from XRD and TEM respectively, SH: specific 
surface area from ex-situ CV(H desorption charge), SCO: surface area from ex-situ CO 
stripping CV, Sin-situ: surface area from in-situ CV(in MEA) 
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Transmission electron microscopy (TEM) was also used to characterize SI-grafted 
carbon supported Pt catalysts and provide an alternate estimate of Pt particle size. TEM 
micrographs and histogram graphs of Pt particle size for the Pt/SI-CX and Pt/CX samples 
are shown in Figures 6.8 and 6.9 respectively. Both TEM micrographs clearly show well-
distributed Pt nanoparticles supported on grafted carbons, though the particles are 
obviously larger on Pt/SI-CX than on Pt/CX. The mean Pt diameter for Pt/SI-CX and 
Pt/CX samples is estimated to be 5.2 ± 1.5 nm and 3.3 ± 1.1 nm respectively by counting 
more than 200 particles from each TEM image using ImageJ software 35. Error estimates 
are standard deviations of the means from which a slightly broader Pt particle size 
distribution for Pt/SI-CX than for Pt/CX is seen. 
The specific surface area (SA) of Pt could be calculated according to Equation (6.2) 
from the Pt particle size measured by TEM or XRD on the Pt/SI-CX and Pt/CX samples. 
Values calculated in this manner are listed in Table 6.4. Pt specific SA of Pt/SI-CX is 
smaller than that of Pt/CX due to larger Pt particle size on Pt/SI-CX. Usually the Pt 
catalyst specific surface area from TEM and XRD are larger than that measured by  
ex-situ or in-situ CV because TEM or XRD measurements include electrochemically-
inaccessible Pt particle. Also, in the case of TEM, the images capture only a localized 
area of the sample so other sample regions which might contain larger Pt particles which 
would not be adequately accounted for. Also the ESA measured ex-situ (in a half cell) is 
commonly higher than that measured in-situ (in MEA form) due to better ion conduction 
by help from free acid (H2SO4) in the half-cell measurement. These points are further 
developed in the following discussion. 
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Figure 6.8 TEM micrographs of Pt/SI-CX (left) and Pt/CX (right) 
  
Figure 6.9 Histograms of Pt particle size of Pt/SI-CX (dmean= 5.2 ±1.5 (SD) nm) and 
Pt/CX (dmean= 3.3±1.1 (SD) nm) 
Ex-situ CV is commonly used to estimate electrochemically active Pt surface area 
(ESA) for dispersed supported Pt catalysts, for comparison with areas calculated from Pt 
particle sizes. Details on how such measurements are made were provided in our recent 
paper on Pt/CX materials (ref 28) and in other references. Figure 6.10 (top) presents  
ex-situ CVs for Pt/SI-CX and Pt/CX samples for the H adsorption/desorption region. The 
CV shapes are as expected for Pt on carbon insofar as they exhibit well-defined regions 
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for H adsorption/desorption and Pt oxidation/oxide reduction atop a relatively large 
capacitive background current for carbon. Estimates of the hydrogen adsorption or 
desorption charge density were made as described in references 36, 37, and ESA values 
calculated using these values combined with the known Pt loading on the electrodes (as 
described in reference 28) are given in Table 6.4. As expected, ESA values are smaller for 
Pt/SI-CX due to larger Pt particle size in the sample. 
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Figure 6.10 Ex-situ CVs (top) and CO stripping CVs (bottom) of Pt/SI-CX and Pt/CX 
  135
Figure 6.10 (bottom) shows CO stripping voltammograms for Pt/SI-CX and Pt/CX 
samples, and ESA values obtained as described in reference 28 are reported in Table 6.4. 
ESA values from CO stripping are in good agreement with those from hydrogen 
adsorption or desorption, which serves to validate both methods. 
When comparing the specific surface area values for the Pt/SI-CX and Pt/CX samples 
as obtained from XRD or TEM particle size data with the ESA valued obtained by 
electrochemical methods, It is noted that the ESA value for Pt/SI-CX is especially low, 
much more so than would be expected based just upon the larger Pt particle sizes for that 
sample. This finding could be caused by some especially large Pt particles that might 
exist in the Pt/SI-CX sample but which are not accounted for in the imaging experiments 
because they are out of the field of view. Such particles would also not be properly 
accounted for in the XRD measurement for which use of the Scherer equation requires 
one to assume a fixed particle size. We speculate that the negatively charged groups onto 
the grafted CX surface may affect the process of Pt deposition by the impregnation-
reduction method, by inhibiting nucleation and causing slower growth which promotes 
formation of large particles. 
In-situ CV may be used to estimate the Pt ESA in electrodes in MEAs. Comparison of 
ESAs for such samples with those obtained by ex-situ CV provides information on 
catalyst utilization in the MEA. ESA values measured in-situ for both Pt/SI-CX and 
Pt/CX samples (cathodes only; see Figure 6.11 and Table 6.4) are very close to those 
measured ex-situ using both H adsorption/desorption and CO stripping. The good 
agreement between in-situ and ex-situ ESA measurements indicates a high catalyst 
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utilization in MEAs fabricated by the thin-film method in our lab. The in-situ ESA of 
Pt/SI-CX is also lower than that of Pt/CX which may have consequences for the fuel-cell 
performance. 
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Figure 6.11 In-situ CVs of Pt/SI-CX and Pt/CX 
Single-cell performance testing was attempted on the MEAs fabricated by the thin-film 
method from the inks made from both Pt/SI-CX and Pt/CX catalysts. Relatively good 
performance was observed for the Pt/CX catalyst as is described separately in Chapter 3, 
however the performance testing of the Pt/SI-CX MEA failed because an adequate set-
point current could not be achieved. For example, after the cell was broken in at 0.5 V, 
the current density for the Pt/SI-CX cell was found to be just around 60 mA cm-2, while, 
in contrast, the current density for the Pt/CX cell was close to 1000 mA cm-2, much 
higher than that of Pt/SI-CX). From the ESA value (15 m2 g-1) obtained from in-situ CV, 
there should be some low to medium performance for the MEA made of Pt/SI-CX, but 
the measured performance was unexpectedly very low. It is believed that there are several 
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factors which could be responsible for this finding. (1) After sulfonimide electrolyte 
grafting onto the carbons (CX or CB), the surface properties of the CX or CB changed 
and the impregnation-reduction Pt catalyst deposition method produced larger size Pt 
particles on the CX support leading to lower cell performance for the Pt/SI-CX. (2) After 
electrolyte grafting the pore size of the CX support is expected to be smaller. This effect 
plus the more hydrophilic character of the CX support after sulfonimide grafting may 
increase the mass transport resistance in the Pt/SI-CX electrode, thereby resulting in 
lower performance for the cell made using this material. Similarly, the more hydrophilic 
nature of the Pt/SI-CX support could promote cathode flooding which would also 
negatively impact cell performance. Future work on grafting of sulfonimide electrolytes 
onto/into larger-pore-size carbon substrates (such as silica-templated mesoporous carbon) 
and finding a better Pt catalyst deposition method which can synthesize smaller size Pt 
particle catalysts on electrolyte-grafted carbon supports are under way. 
6.4 Conclusions 
From the above discussion, we can conclude that a monoprotic aryl fluorosulfonimide 
acid electrolyte was successfully grafted onto high surface area CX and CB supports 
without aid of electrochemical induction. The sulfonimide electrolyte grafted onto CX or 
CB support was confirmed by back acid-base titration, EDX and TGA. The sulfonimide 
acid contents on the grafted CX and CB were calculated to be about 0.18 and 0.13 mmol 
g-1 carbon respectively according to acid-base titration. These findings are almost 
consistent with other analytical results from TGA and EDX. 
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Pt catalyst particles were deposited onto the sulfonimide-grafted CX samples and the 
resulting materials were characterized by XRD and TEM for Pt particle size and 
dispersion in comparison with Pt catalyst deposited onto uncoated CX samples. Pt 
particle size was consistently larger on the Pt/SI-CX samples. The ESA of the Pt/SI-CX 
was measured with ex-situ CV, CO stripping, and in-situ CV methods and compared with 
that of Pt/CX. The ESA for Pt/SI-CX was much smaller than that of Pt/CX, leading to 
much lower single cell performance of the MEAs made from the Pt/SI-CX catalyst, while 
cell performance of the MEA made from Pt/CX was close to that obtained from the 
commercial Pt/CX-72R (20% Pt) catalyst. 
6.5 References  
1. S. Litster and G. McLean, Journal of Power Sources, 2004, 130, 61-76. 
2. V. Mehta and J. S. Cooper, Journal of Power Sources, 2003, 114, 32-53. 
3. P. Costamagna and S. Srinivasan, Journal of Power Sources, 2001, 102, 242-252. 
4. M. S. Wilson and S. Gottesfeld, Journal of Applied Electrochemistry, 1992, 22,  
1-7. 
5. Z. Xu, Z. Qi and A. Kaufman, Electrochemical and Solid-State Letters, 2003, 6, 
A171-A173. 
6. Z. Q. Xu, Z. G. Qi and A. Kaufman, Chemical Communications, 2003, 878-879. 
7. E. B. Easton, Z. Qi, A. Kaufman and P. G. Pickup, Electrochemical and Solid-
State Letters, 2001, 4, A59-A61. 
8. Z. Xu, Z. Qi and A. Kaufman, Electrochemical and Solid-State Letters, 2005, 8, 
A313-A315. 
9. S. E. Creager, B. Liu, H. Mei and D. DesMarteau, Langmuir, 2006, 22,  
10747-10753. 
10. M. Toupin and D. Belanger, Langmuir, 2008, 24, 1910-1917. 
  139
11. Z. Li and S. Dai, Chemistry of Materials, 2005, 17, 1717-1721. 
12. X. Wang, R. Liu, M. M. Waje, Z. Chen, Y. Yan, K. N. Bozhilov and P. Feng, 
Chemistry of Materials, 2007, 19, 2395-2397. 
13. M. Pandurangappa, T. Ramakrishnappa and R. G. Compton, International 
Journal of Electrochemical Science, 2008, 3, 1218-1235. 
14. J. L. Bahr and J. M. Tour, Chemistry of Materials, 2001, 13, 3823-3824. 
15. C. Mangeney, Z. Qin, S. A. Dahoumane, A. Adenier, F. Herbst, J.-P. Boudou, J. 
Pinson and M. M. Chehimi, Diamond and Related Materials, 2008, 17, 1881-
1887. 
16. A. Adenier, E. Cabet-Deliry, A. Chausse, S. Griveau, F. Mercier, J. Pinson and C. 
Vautrin-Ul, Chemistry of Materials, 2005, 17, 491-501. 
17. M. Pandurangappa, N. S. Lawrence and R. G. Compton, Analyst, 2002, 127, 
1568-1571. 
18. H. Du, B. Li, F. Kang, R. Fu and Y. Zeng, Carbon, 2007, 45, 429-435. 
19. M. Glora, M. Wiener, R. Petricevic, H. Pröbstle and J. Fricke, Journal of Non-
Crystalline Solids, 2001, 285, 283-287. 
20. R. Petricevic, M. Glora and J. Fricke, Carbon, 2001, 39, 857-867. 
21. A. Smirnova, X. Dong, H. Hara, A. Vasiliev and N. Sammes, International 
Journal of Hydrogen Energy, 2005, 30, 149-158. 
22. S. E. Creager, J. J. Sumner, R. D. Bailey, J. J. Ma, W. T. Pennington and D. D. 
Desmarteau, Electrochemical and Solid-State Letters, 1999, 2, 434-436. 
23. S. C. Savett, J. R. Atkins, C. R. Sides, J. L. Harris, B. H. Thomas, S. E. Creager, 
W. T. Pennington and D. D. DesMarteau, Journal of the Electrochemical Society, 
2002, 149, A1527-1532. 
24. J. R. Atkins, C. R. Sides, S. E. Creager, J. L. Harris, W. T. Pennington, B. H. 
Thomas and D. D. DesMarteau, Journal of New Materials for Electrochemical 
Systems, 2003, 6, 9-16. 
25. D. D. DesMarteau, Journal of Fluorine Chemistry, 1995, 72, 203-208. 
26. R. Petricevic, G. Reichenauer, V. Bock, A. Emmerling and J. Fricke, Journal of 
Non-Crystalline Solids, 1998, 225, 41-45. 
  140
27. R. Saliger, V. Bock, R. Petricevic, T. Tillotson, S. Geis and J. Fricke, Journal of 
Non-Crystalline Solids, 1997, 221, 144-150. 
28. B. Liu and S. Creager, Journal of Power Sources, 2009, in press. 
29. K. R. Cooper, V. Ramani, J. M. Fenton and H. R. Kunz, Experimental methods 
and data analyses for polymer electrolyte fuel cells, 1.5 edn., Scribner Associates, 
Inc., 2007. 
30. K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pierotti, J. 
Rouquerol and T. Siemieniewska, Pure and Applied Chemistry, 1985, 57,  
603-619. 
31. M. S. Wilson, J. A. Valerio and S. Gottesfeld, Electrochimica Acta, 1995, 40, 
355-363. 
32. Z. Xu, Z. Qi and A. Kaufman, Journal of Power Sources, 2003, 115, 49-53. 
33. Z. Xu, Z. Qi and A. Kaufman, Electrochemical and Solid State Letters, 2003, 6, 
A171-A173. 
34. J. I. Langford and A. J. C. Wilson, Journal of Applied Crystallography, 1978, 11, 
102-113. 
35. http://rsb.info.nih.gov/ij/, accessed on August 4, 2009. 
36. A. Pozio, M. De Francesco, A. Cemmi, F. Cardellini and L. Giorgi, Journal of 
Power Sources, 2002, 105, 13-19. 
37. T. Vidakovic, M. Christov and K. Sundmacher, Electrochimica Acta, 2007, 52, 
5606-5613. 
 
 
  
  141
 
7CHAPTER 7 
GRAFTING POLYMER ELECTROLYTE ONTO CARBON BLACK AND ITS 
APPLICATION IN PEM FUEL CELL 
7.1 Introduction 
Currently, the most commonly employed method to fabricate electrodes for polymer-
electrolyte-membrane fuel cells (PEMFCs) is the thin film method developed by Wilson 
and coworkers1, 2 in Los Alamos National Laboratory. In the method, electrodes were 
made by solution casting from an ink in which carbon supported Pt catalyst was simply 
mixed with solubilized proton conductor such as Nafion and solvents. Only catalyst with 
intimate contact with both electronic conductor (such as carbon) and protonic conductor 
(such as Nafion), and gas reactants is active in electrode. Adding Nafion in the electrodes 
instead of PTFE (polytetrafluoroethlyene) significantly increases proton conduction, 
therefore the three-phase zone (where the proton conductor, electronic conductor, and 
reagent gas are in intimate contact) in the electrodes. The catalyst utilization is increased 
from about 20% to about 45% after addition of Nafion instead of PTFE3. From the 
catalyst utilization, there is much chance of improvement of the electrode fabrication. 
One way to improve the electrodes in PEMFCs is to covalently bind a proton conductor 
directly to the electrodes therefore to increase the three-phase zone in the electrodes and 
to improve the electrode performance and stability. Qi and coworkers4-9 have reported 
several ways to incorporate the monofunctional electrolyte into the carbon supported Pt 
catalysts, from which fuel cell electrodes are fabricated. Fuel cell testing indicates 
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medium performance increase or diminished Nafion addition was achieved from these 
grafted electrodes. Chapter 6 also reported chemical grafting of monofunctional 
sulfonimide superacid electrolyte onto the electrode, but low cell performance than 
expected was obtained due to grafted sulfonimide effects on the electrodes.10 
Usually monofunctional electrolyte grafted into the electrode doesn’t provide enough 
electrolytes needed for optimal performance of the electrode as reported in literature.10 
Therefore, in this chapter attempt is made to covalently bond polymer electrolyte onto the 
electrode directly by using step-growth polymerization method to grow the sulfonated 
poly(arylene ether sulfone) electrolyte. Sulfonated poly(arylene ether sulfone) polymer or 
copolymer was intensively studied as membrane material for PEMFCs by McGrath 
group11-18 in Virginia Tech. Sulfonated poly(arylene ether sulfone) polymer or copolymer 
display excellent properties such as high thermal stability, mechanical stability and 
proton conductivity. It is hoped by incorporation of sulfonated poly(arylene ether 
sulfone) polymer into the electrodes, the cell performance and stability will be 
significantly increased. 
The grafting of sulfonated poly(arylene ether sulfone) polymer into carbon black was 
executed by first grafting of fluorophenyl group onto carbon black via diazonium 
chemistry, then followed by the step group polymerization of sulfonated 
dichlorodiphenyl sulfone (SDCDPS) with bisphenol AF at higher temperature and dry, 
basic condition. The whole grafting scheme is shown in Scheme 7.1. After polymer 
electrolyte grafting onto the carbon black sample, Pt catalyst was deposited onto with the 
common impregnation-reduction method, next, MEAs were fabricated with the Pt-
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deposited, polymer-electrolyte-grafted carbon black, and finally these MEAs were tested 
on fuel cell test station and performance was evaluated with the MEAs made with Pt 
catalyst without grafting. 
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Scheme 7.1 Grafting of polymer electrolyte onto carbon black 
7.2 Experimental 
7.2.1 Synthesis of sulfonated dichlorodiphenyl sulfone 
Synthesis of disodium sulfonated dichlorodiphenyl sulfone was followed from 
literature.12, 19 In brief, a mixture of 4, 4’- dichlorodiphenyl sulfone (5.76 g) and 20% 
fuming sulfuric acid (14 mL) was heated under stirring and N2 protection at 110 
°C for 6 
h. The solution was cooled and poured into ice water. Then, 36 g NaCl was added into 
the solution to salt out the sodium form SDCDPS, the white precipitates was filtered out 
with filter paper. The sodium SDCDPS was re-dissolved into 80 mL DI water and the pH 
was adjusted to 6-7 with 20% NaOH solution. Next, the product was salted out by 
addition of 36 g NaCl again and filtered with filter paper. The crude product is 
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recrystallized from a mixture of isopropanol/water (7/3 v/v). The yield was 5.6 g. The 1H 
NMR spectrum of the compound was similar to that reported in literature.12  
7.2.2 Grafting of fluorophenyl group onto carbon black 
Diazotization of NH2C6H4F was reported in several papers.
20, 21 A fluorophenyl group 
was grafted onto carbon black with the in-situ generated diazonium salt of NH2C6H4F. 
For the grafting, about 1.0 g NH2C6H4F was added into a round bottom flask with a stir 
bar in a ice-salt bath, then 0.75 ml conc. HCl diluted in water was added into the flask 
under magnetic stirring. After the flask was cooled down, then 0.63 g NaNO2 dissolved 
in 1 ml water was added dropwise into the flask under stirring, the reaction was kept low 
(<0~5 °C) for about 10 min. Then 1.0 g carbon black XC-72 was suspended in the in-situ 
generated diazonium salt in the flask, the ice-salt bath was removed, and the suspension 
was kept stirring for another 2 h. After that, the suspension was vacuum filtered with 
nylon filter, wash with DI water. The washing/filtration process was repeated for another 
4 times. The grafted carbon black product was first air dried under hood, then vacuum 
dried at 100 °C overnight. 
7.2.3 Grafting sulfonated poly(arylene ether sulfone) onto carbon black 
Polymer electrolyte (sulfonated poly(arylene ether sulfone)) grafting onto carbon black 
(Scheme 1) was conducted in a flame-dried, three-necked flask. The flask was fitted with 
a nitrogen inlet, thermometer, stir bar, and Dean–Stark trap fitted with a condenser. The 
flask was charged with fluorophenyl-grafted carbon black (1.00 g), SDCDPS (1.47 g), 
bisphenol AF (0.57g), potassium carbonate (0.46 g), NMP (18 mL), and toluene (9 mL). 
The reaction flask was heated in an oil bath to 150 °C, and the toluene was refluxed for 4 
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h to remove any water. The toluene was then removed, and the reaction was allowed to 
continue for 16 h at 190 °C. Then, the reaction mixture was cooled down to room 
temperature and the suspension was vacuum filtered with 0.2 µm nylon membrane and 
washed with acetonitrile/H2O mixture, the filtration/washing was repeated for another 4 
times. Then, the grafted carbon black was air-dried in the hood, later then dried in 
vacuum at 105 °C for overnight. 
7.2.4 Catalyst deposition onto polymer electrolyte grafted carbon black 
Pt was deposited on polymer sulfone-grafted carbon black XC-72R (PE-CB) with the 
impregnation-reduction method described in previous chapters (for example, see Chapter 
2) following the similar procedures in the catalyst deposition section. The Pt content was 
determined with thermogravimetric analysis (TGA) to be approximately 20% weight 
percent for the Pt-deposited, PE-grafted carbon black samples (Pt/PE-CB)  
7.2.5 Characterization of the materials 
The textural properties of carbon black XC-72R were characterized by N2 adsorption 
method detailed in Chapter 2. The fluorophenyl-grafted carbon black, and the sulfonated 
poly(arylene ether sulfone)-grafted carbon black(PE-CB) samples were characterized 
with EDS, WDS (energy-dispersive, wavelength-dispersive spectroscopy attached to 
SEM) and the sulfonic acid content on the PE-CB samples was measured with acid-base 
back titration as described in Chapter 6. The Pt/PE-CB samples were characterized with 
XRD, TEM, ex-situ and in-situ cyclic voltammetry (CV) as described in previous 
chapters. Finally, MEAs were made with Pt/PE-CB and commercial Pt/XC-72R (Pt/CB) 
samples and tested similarly as described in previous chapters in detail. 
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7.3 Results and discussion 
7.3.1 Characterization of fluorophenyl-grafted carbon with TGA and WDX 
The fluorophenyl-grafted CB sample was characterized with TGA and wavelength-
dispersive X-ray spectroscopy (WDX). The TGA curve of fluorophenyl-grafted CB is 
shown in Figure 7.2 in comparison with uncoated CB and CB mixed with 4-fluoroaniline 
(then washed with solvent to remove 4-fluoroaniline). From Figure 7.2, CB shows less 
than 1% weight loss at temperature at 500 °C, CB mixed with 4-fluoroaniline (after 
solvent washing to remove 4-fluoroaniline) has about 1% weight loss at 500 °C, which 
indicates 4-fluoroaniline has small amount leftover on CB due to its adsorptive property, 
while fluorophenlyl-grafted CB has about 3% weight loss at 500 °C (from the graph, it is 
assumed that from 200 to 500 °C, the weight loss from grafted CB is due to grafted 
fluorophenyl loss). Then, about 2.4% fluorophenlyl was grafted onto CB sample; this 
corresponds to 0.26 mmol/g fluorophenyl group on CB. 
 
Figure 7.1 TGA curve of fluorophenyl grafted carbon black 
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The elemental analysis of the 4-fluorophenyl-grafted CB by WDS is shown on Table 
7.1. The 4-fluorophenyl group on the carbon can be estimated from the fluorine content 
(F is specific) in the grafted sample, and the fluorophenyl is about 0.26 mmol g-1 grafted 
carbon. This result is very close to the TGA result. From specific surface area of carbon 
black XC-72R of 237 m2 g-1, the surface coverage of 4-fluorophenyl group on CB is 1E-
10 mol cm-2, indicative of monolayer grafting. 
Table 7.1 WDS of fluorophenyl-grafted carbon black (weight percent) 
Sample # C O F S 
Un-grafted CB 86.47 13.38  0.15 
CB+NH2PhF
a 86.88 13.12   
FPh-CBb 86.97 12.30 0.50 0.22 
a 4-fluoroaniline mixed with CB and solvent extracted, b fluorophenyl –grafted CB 
7.3.2 Characterization of polymer-grafted carbon black by titration and EDX 
After in-situ polymerization of fluorophenyl-grafted CB with bishphenol AF and 
sulfonated dichlorodiphenyl sulfone, the polymer-electrolyte-grafted CB was subjected to 
EDX and acid-base back titration. The EDX results are shown in Table 7.2. 
Table 7.2 Element analysis results by EDX for PE-CB sample 
Sample C O F S Cl K Si 
 wt% wt% wt% wt% wt% wt% wt% 
PECB 89.99 7.99 0.99 0.65 0.05 0.11 0.22 
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From the Table 7.2, it is seen that fluorine element content is increased after 
polymerization. The potassium element existed may indicate some salt leftover on the 
grafted CB even after extensive washing and filtration. 
The acid content on polymer-grafted CB is an important parameter. The acid content 
estimated from the back titration method is shown on Table 7.3. CB has small amount of 
intrinsic acid content due to acid functional groups on it. The acid content from the 
polymer electrolyte on grafted CB is also very low (about 0.05 mmol/g grafted carbon) 
which may tell the polymer electrolyte is not efficient. The typical titration curve is 
shown in Figure 7.3. 
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Figure 7.2 Back titration of polymer-electrolyte-grafted carbon black 
Table 7.3 Acid group content on the polymer-grafted carbon black by titration  
Sample Uncoated CB Grafted CB 
Acid group (mmol/g) 0.048 0.10 
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7.3.3 Characterization of polymer-electrolyte-grafted carbon-black-supported Pt 
catalyst 
The polymer electrolyte grafting on carbon black was intended to employ it in PEMFC 
application. So, Pt catalyst was deposited on the PE-CB samples by the common 
impregnation-reduction method and the resultant Pt/PE-CB samples were characterized 
with XRD, TEM and was fabricated to an MEA and tested in single cell test station in 
comparison with un-grafted commercial Pt/XC-72R catalyst as discussed in the following 
sections. 
7.3.3.1 XRD analysis 
The XRD diffractograms for the samples of Pt/PE-CB and Pt/XC-72R are shown in 
Figure 7.3. The diffractogram shows features expected for carbon supported Pt as labeled 
on the graph. Pt nanoparticle sizes may be estimated from the line broadening of the Pt 
(220) line using the Scherer equation as described in previous chapters. Particle size 
values obtained in this way for Pt/PE-CB and Pt/XC-72R are given in Table 7.4 Pt 
particle diameters are slightly higher for the Pt/ PE-CB sample (2.9 nm) than the Pt/XC-
72R (2.2 nm). From the particle size, the Pt specific surface area may be calculated (See 
section in Chapter 2) and shown in Table 7.4. 
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Figure 7.3 XRD graphs of Pt/PE-CB and Pt/XC-72R 
Table 7.4 Pt Particle size determined by different methods 
Sample dXRD SXRD dTEM STEM SH SCO Sin-situ 
 nm m2 g-1 nm m2 g-1 m2 g-1 m2 g-1 m2 g-1 
Pt/PE-CB 2.9 96.7 3.4 82.5 65 52 45 
Pt/XC72R 2.2 127.4 2.8 100.1 67 66 65 
dXRD: particle size by XRD, dTEM: particle size by TEM, SXRD,STEM: the specific surface 
area calculated from the equation (2.2) from XRD and TEM respectively, SH: specific 
surface area from ex-situ CV (H desorption charge), SCO: surface area from ex-situ CO 
stripping CV, Sin-situ: surface area from in-situ CV (in MEA) 
7.3.3.2 TEM analysis 
TEM micrographs and histogram graphs of Pt particle size for the Pt/PE-CB and 
Pt/XC-72R samples are shown in Figures 7.4 and 7.5 respectively. Both TEM 
micrographs clearly show well-distributed Pt nanoparticles supported on grafted carbons. 
The mean Pt diameter for Pt/PE-CB and Pt/XC-72R samples is estimated to be 3.4 ± 1.1 
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nm and 2.8 ± 0.7 nm respectively Error estimates are standard deviations Pt particle size 
on PE-CB sample is slightly larger and its distribution is slightly broader. The specific 
surface area (SA) of Pt of both Pt/PE-CB and Pt/XC-72R according to TEM 
measurement is also calculated and given in Table 7.4. Pt specific SA of Pt/PE-CB is 
smaller than that of Pt/XC-72R due to larger Pt particle size on Pt/PE-CB. Usually the Pt 
catalyst specific surface area from TEM and XRD are larger than that measured by  
ex-situ or in-situ CV because TEM or XRD measurements include electrochemically-
inaccessible Pt particle. Also the ESA measured ex-situ (in a half cell) is commonly 
higher than that measured in-situ (in MEA form) due to better ion conduction by help 
from free acid (H2SO4) in the half-cell measurement. These points are further developed 
in the following discussion. 
  
Figure 7.4 TEM graphs of Pt/PE-CB (left) and Pt/XC-72R catalyst (right) 
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Figure 7.5 TEM graphs and histograms of the Pt/PE-CB (d mean= 3.4 ± 1.1 nm) and 
commercial Pt/XC-72R, (d mean=2.8 ± 0.7 (SD) nm)  
7.3.3.3 Ex-situ cyclic voltammetry and in-situ voltammetry 
Figure 6 and 7 present ex-situ CVs of H2 stripping and CO stripping methods for Pt/PE-
CB and Pt/XC-72R samples. In Figure 7.6, the CV exhibits well-defined characteristic of 
carbon supported Pt catalyst, for example, H adsorption/desorption and Pt 
oxidation/oxide reduction atop a relatively large capacitive background current for 
carbon. Figure 7.7 shows well-defined adsorbed CO oxidation peak. The negative shift of 
adsorbed CO oxidation peak potential for Pt/PE-CB sample also verifies slightly larger  
Pt particle size observed with TEM.22, 23 Estimates ESA values from hydrogen desorption 
charge density are given in Table 7.4 in comparison with those obtained from ex-situ CV 
of CO stripping and in-situ CV of H2 stripping (shown in Figure 7.8). ESA value for 
Pt/PE-CB from ex-situ CV of H2 stripping is close to that of Pt/XC-72R. ESA values of 
Pt/PE-CB from ex-situ CO stripping and in-situ CVs are smaller than that of Pt/XC-72R 
perhaps due to larger Pt particle size in the Pt/PE-CB, and might also be caused by the Pt 
particles buried inside electrolyte in grafted carbon, not electronically accessible. 
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Figure 7.6 Ex-situ CVs of Pt/PE-CB and Pt/XC-72R catalysts 
 
Figure 7.7 Ex-situ CVs of Pt/PE-CB and Pt/XC-72R catalysts 
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Figure 7.8 In-situ CVs of the MEAs made of Pt/PE-CB and Pt/XC-72R catalysts 
7.3.3.4 Fuel cell testing 
The MEAs fabricated with both catalyst Pt/PE-CB and Pt/XC-72R were tested in H2/O2 
and H2/air cells at both 80 ºC and 50 ºC under atmospheric pressure conditions. The 
polarization and resistance curves are shown in Figures 7.9, 7.10 and 7.11, 7.12 
respectively. The performance of Pt/PE-CB is slightly lower than that of Pt/XC-72R in 
H2/O2 or H2/air cells at 80 and 50 ºC. The resistance curves of MEAs made with Pt/CX 
and Pt/XC-72R shows similar trends for both H2/O2 and H2/air cells under either 80 ºC or 
50 ºC. The two findings may therefore indicate a small amount of polymer-electrolyte 
grafted on carbon black has little effect on its performance in fuel cells. Further work of 
increasing the grafted sulfonated poly(arlyene ether sulfone) on carbon black is needed to 
evaluate the polymer electrolyte grafting effect on the fuel cell electrodes. 
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Figure 7.9 Performance curves of the Pt/PE-CB and Pt/XC-72R, H2/O2, H2/Air, both at 
80 ºC, 100% relative humidity, atmospheric pressure 
 
Figure 7.10 Performance curves of the Pt/PE-CB and Pt/XC-72R, H2/O2, H2/Air, both at 
50 ºC, 100%, relative humidity, atmospheric pressure 
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Figure 7.11 Resistance of the carbon supported catalysts by CI, H2/O2 and H2/air at 80 °C 
  
Figure 7.12 Resistance of the carbon supported catalysts by CI, H2/O2 and H2/air at 50 °C 
7.4 Conclusions 
In-situ step-growth polymerization of sulfonated poly(arlyene ether sulfone) was 
performed on commercial carbon black samples of XC-72R. The polymer electrolyte 
grafting is not effective, only about 0.05 mmol/g acid content was found on the grafted 
carbon by acid-base titration method. In order to study the effect of the grafted polymer 
electrolyte on the carbon black support, Pt catalyst was deposited on the grafted carbon 
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black, and the polymer-grafted carbon supported catalyst (Pt/PE-CB) was characterized 
with XRD, TEM, ex-situ CV of H2 stripping and CO stripping and in-situ CV in 
comparison with commercial available Pt/XC-72R catalyst. The Pt particle size was 
slightly larger than that of Pt/XC-72R. The ESA value for Pt/PE-CB from the ex-situ CV 
of H2 stripping is close to that of Pt/XC-72R., while the ESA values from CO stripping 
and in-situ CV for Pt/PE-CB were smaller than that of Pt/XC-72R. Consequently the 
performance of Pt/PE-CB in MEA format was slightly lower than that of Pt/XC-72R in 
both H2/O2 and H2/air at both 80 and 50 °C. The resistances monitored by current 
interrupts methods for both Pt/PE-CB and Pt/XC-72R were similar for H2/O2 cells at both 
80°C and 50°C, H2/air cells at both 80 °C and 50 °C. These findings indicate the small 
amount of polymer electrolyte grafted on carbon black has little effect on its fuel cell 
performance. Further work to increase the polymer-grafting content is needed for 
evaluation its effect on performance. 
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8CHAPTER 8 
BLEND AND CROSS-LINKED SULFONIMIDE MEMBRANE FOR POLYMER 
ELECTROLYTE FUEL CELL APPLICATION 
8.1 Introduction 
Polymer electrolyte membrane (PEM) is a key component in PEM fuel cells. 
Perfluorinated polymer such as Nafion® from DuPont and other closely related 
perfluorosulfonic acid (PFSA) ionomer are widely employed as membrane materials in 
PEM fuel cells (PEMFCs). These PFSA ionomers possess many desirable properties 
appropriate for PEMFC applications, such as high protonic conductivity, good 
mechanical properties, and excellent long-term chemical stability. However, they also 
possess some undesirable properties, among which are diminished protonic conductivity 
at low relative humidity, poor mechanical properties above about 130 °C, and the high 
production cost.1, 2 
One way to improve proton-conducting fluoropolymer electrolytes is to change the 
acidic group from fluorosulfonic acid (in Nafion) to an alternate sulfonimide superacid 
group. Perfluorosulfonimide (PFSI) electrolytes, that have been developed by 
DesMarteau3-8 and co-workers at Clemson, possess many attractive attributes for fuel-cell 
applications including very strong acidity and excellent chemical and electrochemical 
inertness especially at high temperatures (PFSIs are stable to 400 oC in acid form). The 
fluorosulfonimide acid group also possesses two sites for functionalization, unlike 
fluorosulfonates which possess just one. This attribute provides much flexibility for 
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designing new polymers having structures and properties quite different from those of 
conventional PFSA electrolytes. Plain sulfonimide polymers with equivalent weight 
(EW) of 1200 and 1075 as membrane materials in PEMFC have been studied by Savett et 
al6 in comparison with Nafion. In the range of membrane thicknesses and ionomer EWs 
considered, plain sulfonimide membranes behaved similarly with Nafion in respect to 
both ionic conductivity and fuel cell performance. This chapter reports our further work 
on blended and cross-linked sulfonimide polymers as membrane electrolytes for PEMFC 
application in comparison with Nafion 117, 105 and 112. 
8.1.1 Blended sulfonimide polymer 
Polymer blending gives a more versatile method for new membrane material 
development. Relative to a single-component polymer, a polymer blend has more 
freedom to be tailed to meet the required properties for PEMFC application. For example, 
Polymers with higher EW usually have lower conductivity but better mechanical 
properties, whereas polymers with lower EW have higher conductivity but poor 
mechanical properties. Blending of the one with lower and the other with higher EW may 
give a polymer blend with higher conductivity and also better mechanical properties than 
either of the constituent polymers. The resultant polymer may be useful at higher 
temperature in a fuel cell. The blending of different polymers for membrane materials in 
fuel cell application has been greatly reported in literature.9-11 In our lab, a new method to 
blend the same sulfonimide polymer with different EW was explored. The blending of 
polymers was accomplished by dissolving them in a mixture of solvents and making their 
membrane. One sulfonimide blend with EW 1504 (Blend 1504) blended by a plain 
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sulfonimide polymer with EW 1600 and another one with EW 1300 was explored as 
membrane electrolyte in PEMFC with a single cell testing and performance were 
compared with Nafion 117, 105, and 112. The testing results show that the blend 
sulfonimide’s performance was pretty good considering its high EW value. 
8.1.2 Cross-linked sulfonimide polymer 
Low EW polymer usually has low mechanical properties and even could be dissolved 
in water, which are undesirable properties for PEMFC application and a freestanding 
membrane is difficult to prepare from. By cross-linking the low EW polymer with cross-
linking agents, resultant polymer with higher mechanical property and better water 
compatibility could be prepared in a membrane form. This approach has been reported to 
make membrane materials for PEMFC in literature.12-14 In our lab, cross-linked 
sulfonimide ionomers were prepared by ter-polymerization of 
perfluorovinylethersulfonimide (PFVESI) and tetrafluoroethylene (TFE) co-monomers 
with small amounts of divinyl ether monomers (Figure 8.1). These cross-linked ionomers 
show higher conductivity at 80°C and 120°C as compared to non-cross-linked polymers 
and Nafion. One cross-linked sulfonimide polymer of EW 1000 (Xlinked 1000) was 
tested as membrane material in PEMFC, and the results show its performance was better 
than Nafion 112. 
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Figure 8.1 Schematics of cross-linking sulfonimide polymer structure  
8.2 Experimental 
8.2.1 MEA fabrication 
For both blended and cross-linked sulfonimide membrane samples, membrane 
electrode assemblies (MEAs) were prepared using the decal transfer method developed 
by Wilson and co-workers 15, 16 at Los Alamos National Laboratory. Detail of the method 
is given in published papers 1-3 and previous chapters. The commercial Pt/XC-72R (Alfa 
Aesar, 20% Pt) and soluble Nafion 1100 were used to prepare the inks to cast MEAs. All 
membranes were converted to Na+ form for hot pressing. After hot pressing, the MEAs 
was boiled in dilute sulfuric acid to convert polymer electrolyte membranes and Nafion 
in catalyst layer to acid form. The membranes used for MEA fabrication are listed on 
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Table 8.1 and two MEAs fabricated from Xlinked 1000 and Blend 1504 are shown in 
Figure 8.2. 
Table 8.1 Basic properties of membranes tested in MEAs
Membrane
 
X-
Blend 1504
Nafion 112
Nafion 105
Nafion 117
a EW measured by Dr Sharif with acid
nominal EW given by manufacturer
Figure 8.2 MEAs made by decal transfer method, 
8.2.2 Single fuel-cell testing
The single-cell testing of MEAs was per
Scribner Associates Company. 
165
 
 EW Thickness 
g mol-1 µm 
linked 1000 1000a 46 
 1504 a 55 
 1100 b 50 
 1000 b 127 
 1100 b 178 
-base back titration method of relevant polymers, 
 
 
blend 1504 (left) Xlinked 1000 (right)
 
formed on a model 850C test station from 
The details of assembly of the cells were described in 
b 
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previous chapters. Cells were broken in at a cell voltage of 0.5 V overnight, then the 
membrane H2 cross-over was performed, after that, a series of polarization curves was 
acquired in controlled voltage mode under different operating conditions. The cell open 
circuit voltage was close to or above 1.0 V for all MEAs. The cell resistance was 
monitored during acquisition of the polarization curves using the current interrupt method 
(CI) and by high frequency impedance spectroscopy (HFR) at 1 kHz frequency. 17 
8.2.3 H2 crossover by linear sweep voltammetry 
H2 crossover was measured by linear sweep voltammetry (LSV) using a fuel cell setup 
with 5 cm2 active area MEAs. The anode severed as both pseudo-reference and counter 
electrodes, and the cathode served as the working electrode. The anode was fed with high 
purity H2 gas (humidified) and the cathode is fed with high purity N2 gas (humidified). 
The gas flow of both N2 and H2 was kept at 50 mL min
-1 during the measurements. A 
Solartron 1280B electrochemical workstation was used as the potentiostat. The potential 
was scanned from 0 to 0.8 V with a scan rate of 2 mV s-1 to obtain the limiting crossover 
currents. 
8.3 Results and discussion 
8.3.1 Blended sulfonimide membrane EW 1504 
8.3.1.1 Ionic conductivities 
Membrane ionic conductivity is an important parameter for evaluating of a membrane, 
and is usually used for screening of better membrane. The ionic conductivities of the 
blend 1504 were measured at BekkTech with a four point probe direct current (DC) 
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method at different relative humidity (RH) at 80 °C under atmospheric pressure in 
comparison with that of Nafion 112. The detailed test protocol is seen on BekkTech 
(website). The ionic conductivities vs RH curves are shown in Figure 8.3. From the 
Figure 8.3, it is seen that the conductivities of Blend 1504 was lower than that of Nafion 
112 at the whole RH range at 80 °C. 
 
Figure 8.3 Ion conductivity of sulfonimide blend 1504 in different humidity compared 
with Nafion 112, measured by BekkTek with four point probe DC method 
8.3.1.2 H2 cross over membranes by LSV 
In addition to proton conductivity, fuel (H2) and oxidant (O2) permeability through 
membrane is also a critical property of a membrane. Many techniques have been used to 
measure the gas permeation rate of the membrane.18 In-situ electrochemical method (such 
as LSV) is the most direct one, in which, gas permeation rate is measured as a mass 
transfer limited current. The H2 crossover of the Blend 1504 measured with LSV at 30 °C 
under atmospheric pressure is shown in Figure 8.4 compared with H2 crossover of Nafion 
112, 105 and 117. Many factors can affect the H2 crossover of a membrane; the most 
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significant ones among them are membrane itself (membrane materials, thickness, water 
content in membrane, etc), MEA fabrication (MEA compaction, gas diffusion materials, 
catalyst, etc), temperature, gas pressure. For our measurement, all other conditions are 
assumed as the same, the H2 crossover difference was thought to be caused only by 
membrane. From Figure 8.4, Nafion 112 has highest H2 crossover rate, Nafion 117 has 
lowest crossover rate (because Nafion 117 is the thickest membrane used in the 
measurement), although, the Blend 1504 has close thickness to that of Nafion 112, its H2 
crossover rate is much lower than that of Nafion 112, This finding may indicate blending 
strengthen the membrane; which may be due to the more TFE component in the blend 
membrane with high EW or blending itself may decrease the H2 crossover due to 
structure change by blending. The H2 crossover rate can be calculated according to 
following equation:19 
 
lim
2
H
j
N
nF
=  (8.1) 
NH2 is the H2 crossover flux (mole s
-1 cm-2), jlim is the H2 crossover limiting current (A 
cm-2), n is electrons transferred in hydrogen oxidation the reaction, F is the Faraday 
constant (96485 C eq-1). The H2 crossover flux of Blend 1504 is calculated out and listed 
on Table 8.2 in comparison with Nafion 112, 105 and 117. 
Table 8.2 H2 crossover rate of different membranes by LSV 
Membranes Blend 1504 Nafion 112 Nafion 105 Nafion 117 
NH2 / mole s
-1 cm-2 1.4E-9 2.9E-9 1.2E-9 8.6E-10 
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O2 permeation rate can also be measured by electrochemical method. But due to lack of 
appropriate reference electrode for the measurement and harmful high potential range to 
the electrode used in measurement, no measurement was executed in the lab and the O2 
crossover of the membranes is not discussed here. 
 
Figure 8.4 H2 crossover of Blend 1504 membranes with Nafion 112, 105 and 117 by LSV 
at 30 °C cell temperatures, fully humidified. 
8.3.1.3 Single-cell testing performance of Blend 1504 
Proton conductivity is a good measure to evaluate a membrane material. But not always 
high proton conductivity gives high cell performance of the membrane, not always low 
proton conductivity gives low cell performance of the membrane. A determinate 
judgment of a membrane for PEMFC application is to single-cell test the membrane (in 
MEA form) under different operation condition in a fuel cell test station. The single cell 
testing performance of the Blend 1504 under H2/O2 or H2/air at 80 °C and 50 °C (cell 
temperatures) are shown in Figure 8.5 to 8.8 in comparison with Nafion 112, 105 and 
117. Form Figure 8.5 and 8.6, it is seen that the cell performance of Blend 1504 is higher 
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than that of Nafion 117, but lower than that of Nafion 105 and 112 at 80 °C under H2/O2 
condition; while it is higher than both Nafion 117 and 105 at 50 °C under H2/O2 
condition. Considering its much higher EW value, the Blend 1504 performed pretty well 
in fuel cells. 
 
Figure 8.5 Polarization curves of blend 1504 compared with Nafion 112, 105 and 117 at 
80 °C, H2/O2 
 
Figure 8.6 Polarization curves of blend sulfonimide1504 compared with Nafion 112, 105 
and 117 at 50 °C, H2/O2 
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While in laboratory setting, H2/O2 condition is frequently used for fuel cell testing, 
using pure H2/O2 in fuel cells is an ideal situation. In reality, H2/air condition is usually 
encountered. For this reason, the Blend 1504 was also tested in H2/air conditions. The 
cell performance of Blend 1504 with all Nafion membranes, Nafion 112, 105 and 177 
under H2/air condition are all much lower than those at H2/O2 both at 80 °C and 50 °C 
(compare Figure 8.5, 8.6 with Figure 8.7 and 8.8). For Blend 1504, it has lowest 
performance among these membranes tested at 80 °C, H2/air condition; while its 
performance is higher than that of the Nafion 117, but lower than that of all the other 
membrane at 50 °C. Higher EW membrane usually performs poor in PEMFCs. In regard 
to the high EW for Blend 1504, our sulfonimide blend’s performance is pretty high which 
may indicate blending even the same plain polymer with different EWs helps the 
membrane structure and properties improvement. 
 
Figure 8.7 Polarization curves of blend 1504 compared with Nafion 112, 105 and 117 at 
80 °C, H2/air 
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Figure 8.8 Polarization curves of blend 1504 compared with Nafion 112, 105 and 117 at 
50 °C, H2/air 
Membrane conductivity is a good indicator of its performance in fuel cells, but it is its 
conductance that directly decides the membrane’s cell performance in fuel cells. A 
membrane’s conductance is both affected by its conductivity and thickness. Thinner 
membrane has higher conductance and thinner membrane also decreases the materials 
cost. That’s the reason why thinner membrane is popular currently in fuel cell fields. But 
thin membrane usually has higher gas crossover and less strong mechanical strength. 
Because of the importance of membrane conductance in fuel cell setting, the resistance 
(the inverse of conductance) of Blend 1504 was also monitored by CI technique and HFR 
method in the process of polarization curve measurements in comparison with Nafion 
112, 105 and 117. The areal resistance of the Blend 1504 operating at both H2/O2 and 
H2/air at either 80 °C or 50 °C is shown in Figures 8.9 to 8.12 also in comparison with 
that of Nafion 112, 105 and 117. From these figures, Blend 1504 has slightly higher areal 
resistance (also displayed lower performance, see Figure 8.7). Nafion 112 has lowest 
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areal resistance, and next is Blend 1504; then, the final twos are Nafion 105 and 117. 
Nafion 117 is the thickest membrane therefore with highest resistance. It can also be seen 
from these figures, due to higher performance at H2/O2 conditions, more water was 
produced in cathodes; therefore it might bring about flooding in the cathode and dryness 
in anode due to the electro-osmosis drag, the areal resistance increases as the current 
density increases. While for H2/air, these membranes performance is much lower, 
therefore less water, the membrane resistance was almost not changed with the current 
density change especially for thinner membranes (blend 1504, and Nafion 112). 
The HFR resistance of these membranes monitored shows the similar trend as 
discussed above, but with higher areal resistance values (the figures are not shown). 
Because at monitoring of frequency 1 kHz of HFR measurement, the impedance phase 
angle is not zero, therefore, cell resistance other than of membrane resistance and contact 
resistance such as charge transfer resistance or maybe mass transport resistance has 
contribution to the measured value. 
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Figure 8.9 Areal resistance curves of different membranes, blend 1504, Nafion 112, 105 
and 117 H2/O
2 at 80 °C 
 
Figure 8.10 Areal resistance curves of different membranes, blend 1504, Nafion 112, 105 
and 117 H2/O2 at 50 °C 
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Figure 8.11 Areal resistance curves of different membranes, blend 1504, Nafion 112, 105 
and 117 H2/air at 80 °C 
 
Figure 8.12 Areal resistance curves of different membranes, blend 1504, Nafion 112, 105 
and 117 H2/air at 50 °C 
8.3.2 Cross-linked sulfonimide membrane EW 1000 
8.3.2.1 Ionic conductivities 
The ionic conductivities of the Xlinked 1000 were also measured at BekkTech with a 
four point probe direct current (DC) method at different relative humidity (RH) at 80 °C 
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under atmospheric pressure in comparison with that of Nafion 112. The ionic 
conductivities vs. RH curves are shown in Figure 8.13. From the Figure, it is seen that 
Xlinked 1000 has slightly lower ionic conductivity than that of Nafion 112 at RH lower 
than 90%, but slightly higher than that of Nafion at RH higher than 90%. 
 
Figure 8.13 Ion conductivity of sulfonimide Xlinked 1000 in different humidity 
compared with Nafion 112, measured by BekkTek with four point probe DC method 
8.3.2.2 H2 cross over membranes by LSV 
.The H2 crossover of the Xlinked 1000 measured with LSV at 30 °C under atmospheric 
pressure is show in Figure 14 compared with H2 crossover of Nafion 112, 105 and 117. In 
the measurement, all the other conditions are assumed as the same, the H2 crossover 
difference was thought to be caused only by membrane itself. From Figure 8.14, Nafion 
112 has highest H2 crossover rate, Nafion 117 has lowest crossover rate (because it is the 
thickest membrane used in the measurement), although Xlinked 1000 has close thickness 
to that of Nafion 112, its H2 crossover rate is lower that that of Nafion 112. This finding 
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may indicate cross-linking help strengthen the membrane. The H2 crossover rate of 
Xlinked 1000 by LSV is calculated out according to Equation 8.1 and listed on Table 8.3. 
 
Figure 8.14 H2 crossover of Xlinked 1000 membrane with Nafion 112, 105 and 117 by 
LSV at 30 °C cell temperatures, fully humidified. 
Table 8.3 H2 crossover rate of different membranes by LSV 
 
8.3.2.3 Single-cell testing performance of Xlinked 1000  
The single cell testing performance of Xlinked 1000 under H2/O2 or H2/air at 80 °C and 
50 °C (cell temperatures) are shown in Figure 15 to 18 in comparison with Nafion 112, 
105 and 117. Form Figure 15 and 16, Xlinked 1000 shows higher performance than that 
of all Nafion 112, 105 and 117 under H2/O2 condition both at 80 °C and 50 °C. The 
higher cell performance of Xlinked 1000 may bring about from sulfonimide acid nature 
in the polymer combined with low EW and thin thickness of the membrane. 
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Figure 8.15 Polarization curves of Xlinked 1000 compared with Nafion 112, 105 and 117 
at 80 °C, H2/O2 
 
Figure 8.16 Polarization curves of Xlinked sulfonimide 1000 compared with Nafion 112, 
105 and 117 at 50 °C, H2/O2 
The cell performance of Xlinked 1000 with all Nafion membranes, Nafion 112, 105 
and 117 under H2/air condition are all much lower than those at H2/O2 both at 80 °C and 
50 °C (compare Figure 8.15, 8.16 with Figure 8.17 and 8.18). For Xlinked 1000 under 
H2/air condition, its performance is slightly higher than that of Nafion 112, but higher 
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than that of all other membranes tested at 80 °C; while its performance is slightly lower 
than that of both Nafion 112 and 105, but higher than that of Nafion 117 at 50 °C. 
 
Figure 8.17 Polarization curves of Xlinked 1000 compared with Nafion 112, 105 and 117 
at 80°C, H2/air 
 
Figure 8.18 Polarization curves of Xlinked 1000 compared with Nafion 112, 105 and 117 
at 50 °C, H2/air 
The areal resistance of the Xlinked 1000 operating at both H2/O2 and H2/air at either 80 
°C or 50 °C is shown in Figures 8.19 to 8.22 also in comparison with that of Nafion 111, 
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105 and 117. From these figures, the Xlinked 1000 displayed nearly the same areal 
resistance trend: areal resistance of Xlinked 1000 at the whole current density range 
measured is the smallest, next is Nafion 112; the final twos are Nafion 105 and 117. 
Nafion 117 is the thickest membrane with highest resistance. It can also be seen from 
these figures, due to higher performance at H2/O2 conditions, more water was produced 
in cathodes; therefore it might bring about flooding in the cathode and dryness in anode 
due to the electro-osmosis drag, the areal resistance increases as the current density 
increases. While for H2/air, these membranes performance is much lower, the membrane 
resistance was almost not changed with the current density change especially for thinner 
membranes (Xlinked 1000, and Nafion 112). 
The HFR resistance of these membranes monitored shows the similar trend as 
discussed above, but with higher areal resistance values (the figures are not shown). 
 
Figure 8.19 Areal resistance (by CI) curves of different membranes, Xlinked 1000, 
Nafion 112, 105 and 117 H2/O2 at 80 °C 
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Figure 8.20 Areal resistance (by CI) curves of different membranes, Xlinked 1000, blend 
1504, Nafion 112, 105 and 117 H2/O2 at 50 °C 
 
Figure 8.21 Areal resistance (by CI) curves of different membranes, Xlinked 1000, 
Nafion 112, 105 and 117 H2/air at 80 °C 
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Figure 8.22 Areal resistance (by CI) curves of different membranes, Xlinked 1000, 
Nafion 112, 105 and 117 H2/air at 50 °C 
It is interesting to deduce membrane’s conductivity from the resistance curves 
monitored by either CI or HFR assuming that the measured resistance is only from 
membrane resistance when current approaches zero. Table 8.4 shows the analysis results 
from the deduction for all membranes tested at H2/O2 at 80 °C, nearly 100% RH. As is 
seen from Table 8.4, for thin membranes (Blend 1504, Xlinked 1000, Nafion 112), the 
conductivity obtained from resistance curves are lower than measured by ex-situ DC 
methods, while for thick membranes( Nafion 105, 117), the conductivity of Nafion is 
close to the reported 0.1 S cm-1. These difference was thought to be caused by the contact 
resistance (or plus resistance in the catalyst layer) in cells. Thin membrane has lower 
membrane resistance, so contact resistance takes more parts in the CI-monitored 
resistance. For thick membrane, contact resistance takes fewer parts. It is also seen that 
the membrane (cell) performance correlates with the conductance of the membranes. The 
conductance at 80 °C(H2/O2, 100%RH) shows the increasing order of Nafion 117,105, 
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blend 1504, Nafion112 and Xlinkded 1000, and the cell performance shows the nearly 
the same order(see Figures 8.5 and 8.15). Both conductivity and thickness decides the 
membrane performance. 
Table 8.4 Membrane conductivity at 80 °C 100% RH deduced from resistance curves 
measured by CI 
Membrane  Thickness Resistance  Conductance Conductivity 80Ca Conductivityb  
 µm mΩ cm2 S mS cm-1 mS cm-1 
Blend 1504 55 97.995 2.0 56.1 88.7 
Xlinked 1000 46 63.15 3.2 72.8 154.4 
Nafion 112 50 82.97 2.4 60.3 136.2 
Nafion 105 127 110.75 1.8 114.7  
Nafion 117 178 138.99 1.4 128.1  
a conductivity calculated from resistance(extrapolated to current density to zero) 
monitored by CI method, assuming active membrane area of 5 cm2, b conductivity 
measured by BekkTech with 4 point probe DC method at 80 °C 100% RH.  
8.4 Conclusions 
The Xlinked 1000 and Blend 1540 sulfonimide membranes were characterized in 
comparison with Nafion 112, 105 and 117 in respect to proton conductivity, H2 crossover 
rate, areal resistance and single cell testing performance. Xlinked 1000 has very close 
ionic conductivity to that of Nafion 112, which has highest conductivity among all tested 
Nafion membranes (Nafion 112, 105 and 117). While Blend 1504 has lowest 
conductivity among all membranes tested perhaps due to it higher EW value (1504). 
Thinner membrane usually has higher H2 crossover rate. Either through strengthening of 
membrane structure with cross-linking agent, or due to higher TFE component in the 
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membrane with higher EW/blending, the H2 crossover rate of Xlinked 1000, and Blend 
1504 is decreased comparison to that of Nafion 112, although they are in close thickness. 
The cell performance of Xlinked 1000 under H2/O2 both at 80 and 50 °C are better than 
all other membranes tested in experiments. The cell performance of Xlinked 1000 under 
H2/air at 80 C is slightly higher than that of Nafion 112, but is slightly lower than that of 
Nafion 112 or 105. It is interesting that blend 1504 performed better at 50 °C both under 
H2/O2 or H2/air conditions, but in total, Blend 1504 always performed lower than that of 
Nafion 112. Considering high EW nature of the Blend 1504, its performance is 
exceptionally high. In order to confirm this high blending effect, further work of blending 
of high EW and low EW sulfonimide polymers with resultant low EW blends is in 
progress. 
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9CHAPTER 9 
SUMMARY AND CONCLUSION 
9.1 Mesoporous carbons as catalyst supports in PEMFC 
Mesoporous carbons such as carbon xerogel (CX) and silica-templated carbon (MC) 
were synthesized and investigated as catalyst supports for PEMFCs in comparison with 
the most commonly used carbon support (e. g. carbon black Vulcan XC-72R). Ex-situ 
characterization and in-cell testing results show that carbon xerogel as Pt catalyst support 
has close to or better performance than that of Vulcan XC-72R, but silica-templated 
mesoporous carbon has inferior performance to that of Vulcan XC-72R (on commercial 
Pt/XC-72R). Although MC has high specific surface area, large pore size, high pore 
volume, these textural advantages didn’t transfer to a higher cell performance as 
expected. Why? Because fair comparison of different supports in fuel cell electrodes is 
complicated by many factors, with two significant ones listed as follows. 
1) The Pt catalyst deposition onto carbon: 
It is well known that the surface chemistry, surface area, pore structure and other 
properties of the carbon support affect the Pt particle size, the size distribution and Pt 
dispersion on the support, therefore the catalyst performance in the electrodes, which is 
also confirmed from current work. The common impregnation-reduction method of 
deposition Pt catalyst works well with commercial XC-72R support and the synthesized 
CX supports. The Pt particle size on XC-72R (synthesized Pt/XC-72R) and CX was close 
to that of Pt on XC-72R of commercial Pt/XC-72R catalyst, while Pt particle size on MC 
is larger and more clustered, and the Pt size distribution on MC is also broader. So the 
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inferior cell performance of MC was partially caused by this effect. In order for fair 
comparison, further work of development of a new method to deposit Pt catalyst onto 
MC is needed. 
2) The electrode fabrication method: 
It is understandable that the electrode performance is also directly affected by the 
electrode fabrication method. The thin film decal transfer method (with usual ink 
formulation) of fabricating electrode for PEMFC worked well for the commercial Pt/XC-
72R, synthesized Pt/XC-72R and Pt/CX catalysts in experiments, but it failed with 
synthesized Pt/MC catalyst. Significant increase of Nafion content in the ink of Pt/MC 
catalyst helps form a smooth thin film on the PTFE template and will help electrode 
fabrication of Pt/MC catalyst by the decal transfer method. But, the excess addition of 
Nafion in the ink would change the electrode structure accordingly and therefore the cell 
performance of the electrode. For fair comparison of different carbon supports in 
application of PEMFCs, except for that the similar Pt catalyst on different supports is 
needed to be synthesized; optimization of ink formulation for different carbon supported 
Pt catalysts is also needed. 
It is inferred that electrode performance, stability, durability are a combination of 
different properties of catalyst, carbon support and electrolyte in the electrode  
9.2 Grafting of monofunctional or polymeric electrolyte on mesoporous carbons 
A monofunctional aryl fluorosulfonimide electrolyte was grafted electrochemically on 
GC electrode via the relevant diazonium salt, the formed electrolyte layer was confirmed 
by XPS, EDS, the grafted layer on the GC was tested vial ferricyanide and hexamine 
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ruthenium probes, and its stability was also investigated in regard to high temperature, 
superacid environment, which simulates a PEMFC operation environment. 
However, the electrochemical grafting was not practical for powdery carbon materials 
usually used to make electrode in PEMFCs, and also the scale-up is problematic. In order 
to graft the same monofunctional aryl fluorosulfonimide, chemical grafting of 
sulfonimide electrolyte via relevant diazonium salt was performed onto mesoporous 
carbons (such as XC-72, carbon xerogel). The electrolyte content was quantified by acid-
base back titration method. For the well-known three-phase zone (or three-phase 
boundary) model in PEMFC, grafting electrolyte onto carbon supports, and then 
depositing Pt catalyst on them will increase three phase zone area in the electrodes, 
therefore the performance. However our testing didn’t obtain expected results. After 
grafting electrolyte onto the carbon support, the Pt catalyst particle was larger and 
clustered on the carbon black samples with the common impregnation-reduction Pt 
deposition method. Similar to the situation in using mesoporous carbons as catalyst 
supports in PEMFCs, evaluation of grafting electrolyte on carbon support for PEMFC 
application was also complicated by many other factors such as catalyst deposition, 
electrode fabrication. Further work to develop better catalyst synthesis on electrolyte-
grafted carbon supports is needed. Because after grafting, some electrolyte is already in 
the support, less binder (Nafion in electrode both as a binder and a proton conductor in 
the decal transfer electrode fabrication method) may be needed in electrode to obtain 
optimal performance, this in turn may present a challenge to the electrode fabrication of 
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the grafted carbon supports, especially for large pore volume carbon supported catalyst as 
explained in section 9.1. 
The chemical grafting of polymer electrolyte (sulfonated poly (arylene ether sulfone)) 
on mesoporous carbon, carbon black is not effective as indicated by the acid-base 
titration results on the polymer-electrolyte-grafted carbon. The reasons for the low 
efficient grafting of polymer electrolyte onto carbon may be caused by two aspects: (1) 
the grafting chemistry, (2) the pore structure of the support. 
There is little report about grafting polymer electrolyte onto carbon support for PEMFC 
application. Further study on the grafting is needed, especially development of analytical 
methods to verify every step in the polymerization grafting. So the work is not just to do 
the ‘blind’ synthesis and to test the grafted carbon in final fuel cell format. 
Carbon black’s aggregate and agglomerate structure might not be helpful to the 
polymer electrolyte grafting. Large pore volume, high surface area and large pore carbon 
material such as the silica-templated carbon was intended to used as the polymer 
electrolyte grafting substrate, but the above-motioned electrode fabrication problem of 
Pt/MC catalyst prevented the idea’s execution. Further work in this direction may be 
worth to do. 
9.3 Blended and cross-linked sulfonimide membranes as membrane materials in 
PEMFC 
The new strategy of blending the same sulfonimide polymer with different EWs to 
make membranes seems to work well from the in-cell testing results of blend 1504 (see 
Chapter 8), and the cross-linking of low EW polymer to cast membrane (see testing of 
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cross-linked 1000) also looks successful, otherwise a large membrane piece (e.g. 3” x 3”, 
good for MEA testing) from low EW sulfonimide polymer is difficult to cast. But, in 
order to confirm these finding, further work is recommended: 
For blending strategy, (1) synthesis of low EW (e.g. EW 1100 or 1000) blend 
sulfonimide membranes, (2) fuel cell testing comparison of blended membrane with un-
blended plain sulfonimide membranes of both low and high EW are needed. 
For cross-linking strategy of low EW sulfonimide polymer, a comparison of cross-
linked sulfonimide with plain (un-crosslinked) membrane with the same EW is needed. 
For both blending and cross-linking strategies, other characterization methods such as 
SEM, TEM or EDX than the in-cell testing could be used to probe the blended or cross-
linked membrane structure to understand the structure property relationship including 
these blending or cross-linking effects. 
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